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Saraswati saryuh sindhurmibhirma ho
maheervasa yantu vakshinih |
Devirapo matarah sudaytnavo

ghravatpayo madhumanno archat ||
Yajur Veda (X,64.9)

Water from wells, rivers, rain, and

from any other source on earth

should be used wisely as it is gift of nature,
for well-being of all.

PREFACE

India is truly a country of continental scale in every respect — topography, climate,
culture, and of course water resources. Currently, India is one of the fastest
growing economies of the world. Needless to say, the water sector has a crucial
role to play in the social well-being and the quality of life.

The need for a book describing India’s hydrological practices and water resources,
problems in their exploitation, and prospects for their solution has long been felt.
A book of somewhat similar nature was published more than three decades ago.
During this intervening time a lot of changes have occurred in India not only in
the practice of hydrological and water resources technology but also in the
environment, society, landscape and land use, agricultural practices, and even
climate. Thus, this book attempts to provide a more up-to-date account of water
resources of India. It is aimed at students, practitioners, mangers, planners,
administrators, and anyone who may be interested in the development and
management of water resources in India.

The book is organized in four sections. The first section Introduction has one
chapter, Physical Environment of India, which gives a broad overview of the
country. The second section, Hydrology and Hydrometeorology, is comprised of
five chapters dealing with the major components of the hydrologic cycle for India.
Water Budget and Population of India are discussed in Chapter P} followed by a
discussion of Rainfall and Analysis of Rainfall Data in Chapter Bl Evaporation
and Other Meteorological Data in Chapter B} Runoff and Streamflow in
Chapter & and Groundwater in Chapter[fl These chapters describe instruments
and measurement techniques, and the techniques of analysis that are used in India
in order to measure and analyze the components of the hydrologic cycle. Maps,
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viii Preface

figures, and tables are extensively used to illustrate the quantities of concern and
their spatial and temporal variations.

The third section, comprising 10 chapters, focuses on River Basins of India.
Beginning with an overview of the various river basins and their water resources
in Chapter [ entitled ‘River Basins of India’, it goes on to discuss individual
basins or a group of basins. Chapter [§] discusses Ganga Basin; Chapter 0]
Brahmaputra Basin; Chapter [[Q Indus Basin; Chapter [[1l Narmada Basin;
Chapter [[2] Tapi, Sabarmati, and Mahi Basins; Chapter [[3 Mahanadi,
Subernarekha, and Brahamani Basins; Chapter [ Krishna and Godavari Basins;
Chapter [[3] Cauvery and Pennar Basins; and Chapter [[6 Other Basins and Islands.
The fourth section entitled Water Uses, Projects, Problems and Governance is the
final section of the book and is comprised of 8 chapters. Chapter [[7] describes the
Major Uses of Water in India. It discusses at length the water uses for irrigation,
hydropower, municipal and industrial uses, environment flow, recreation,
navigation, etc. Problems Related to Water Resources form the subject matter of
Chapter [[§ followed by Chapter [[9 on Reservoirs and Lakes in India, and
Chapter 20 on Water Quality Related Aspects. A practitioner should also be
conversant with legal aspects and this perspective is presented in Chapter 2]
entitled Constitutional Provisions, Inter-state Water Disputes and Treaties. Inter
Basin Water Transfer is becoming a major initiative in India these days in order to
overcome problems due to spatial and temporal mismatch between water
availability and demands. A detailed description of the present proposals being
debated in India and other related aspects are presented in Chapter 221 A brief
discussion of the Institutions in the Field of Hydrology and Water Resources in
India forms the subject matter of the Chapter 23] The final Chapter 4] is devoted
to Water Governance in India.

Water Resources of India is a vast subject and despite this voluminous book,
several aspects could not be covered here. We hope that the book will be helpful
to those who have interest in the water resources of India. For this book, data was
compiled from a very large number of sources and at times data from different
sources were quite different. We have attempted to present a consistent and the
most likely status of things. It is, however, likely that there are some mistakes in
the book and we request the alert readers to bring these to our notice.

Sharad Jain
Pushpendra Agarwal
Vijay Singh

April 2006
Roorkee/College Station
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CHAPTER 1
PHYSICAL ENVIRONMENT OF INDIA

Earth is also known as a blue planet because more than three-fourths of the surface
area is covered by water. According to estimates, the total amount of water on earth
is 1.4 million cubic km and if this is uniformly spread around the earth as a layer,
the thickness of this layer will be nearly 3 km. However, about 97% of earth’s water
is contained in oceans and sea and fresh water is only 2.7% of the total available
water. Out of this, nearly three quarter (75.2%) is frozen in polar regions and about
22.6% is buried as ground water. A considerable part of ground water, known as
static water, is too deep underground for easy exploitation. A small proportion of
the remaining water is available in rivers, lakes, soil, etc. Thus only a very small
fraction of earth’s water is utilizable by the mankind.

If the water use data are viewed on a global scale, more than 3, 240 km? of fresh
water are used annually. There is considerable variation in sector-wise water use
throughout the world. Agriculture is the primary user in Asia, while municipal and
industrial sectors are major users in most of Europe and North America. Overall,
agriculture is the main consumer of water and accounts for 69% of the use followed
by 23% for industries and 8% for domestic use. The use of water for various
purposes has significantly risen during the last century and the trend continues. This
has led to focus the attention on sustainable use of water resources and maintenance
of environmental quality. The first and necessary step in this endeavour is inventory
of water resources of a region.

The objective of the present book is to explain hydrology and water resources of
India. To that end, it is helpful to get familiarized with the physical environment
of India.

1.1. TOPOGRAPHY

India occupies the south-central peninsula of the Asian continent. Besides the
mainland, there are two groups of islands, namely Lakshadweep in the Arabian
Sea and Andaman & Nicobar Islands in the Bay of Bengal. The mainland of India
lies between 8°4'N and 37°6’N latitude and 68°7'E and 97°25'E longitude. The
Andaman and Nicobar islands lie to the south east of the mainland and Lakshadweep
to the southwest. A world map showing the location of India is given in Figure [Il
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Figure 1. Location of India in the world

Note that the country completely lies in the northern hemisphere. India has a long
coastline, extending to about 7,500 km which permits numerous ocean routes to the
rest of the world for trade and travel.

India is endowed with almost all the important topographical features, such as
high mountains, extensive plateaus, and wide plains traversed by mighty rivers.
The country is bounded by Himalayas in the North and has a large peninsular
region tapering towards the Indian Ocean. The Himalayas in the north are the major
mountain ranges of the world. The other prominent mountains of India include
the Aravallis, the Vindhyachals, the Satpuras, the Eastern Ghats, and the Western
Ghats. The mountains are the primary source of rivers which derive their flow from
rainfall and snow and glacier melt. The plateaus are another striking feature of
topography in India and they range in elevation from 300 to 900 m.

With a geographical area of 3,287,263 sq. km, India is the seventh largest country
in the world. The countries whose area is larger than India are: Russia, Canada,
China, United States of America, Brazil and Australia. India occupies about nearly
2.42% of the land area of the earth. The latitudinal and longitudinal extent of India
is almost of the same magnitude in degrees, about 30°. The distance between the
extreme north to south tip is about 3,200 km while the east-west extent is 3,000 km.
The Indian Standard Time (IST) corresponds to the Meridian of 82°30'E. Thus,
IST is 5 hours 30 minutes ahead of G.M.T. Due to vast extent in the longitudinal
direction, the difference between local times of the two extreme points in the east
and the west is about two hours. The Tropic of Cancer divides the country into
two nearly equal parts. The northern part mainly consists of the Himalayas and the
plains of Indus and Ganga. The southern part is of triangular shape.
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To the north of the mainland of India lies the mountain chain of Himalayas. The
word Himalayas is formed by him (snow) with alaya (abode), meaning thereby that
Himalayas are the abode of snow. The presence of Himalayas has an important
bearing on the climate and water resources of the country.

The current land features of India have evolved over a period of millions of years
due to tectonic movements below the crust of the earth as well as external natural
agents. Millions of years ago, India was a part of a great continent known as the
Gondwanaland which included the continent of Australia, Africa, South America
and Antarctica. In the course of time, this continent got split into a number of
plates and the Indo-Australian plate began to slowly drift towards North. This plate
collided with the Eurasian plate millions of years ago and was pushed beneath it.
Due to the impact of collision force, the sedimentary rocks of the area folded to
form Himalayas.

The major physiographic divisions of India are described in the following.

1.1.1. The Himalayas

The Himalayas mountain region extends all along the northern border of the country.
From the eastern border of West Pakistan to the frontiers of Burma, the Himalayas
run for a distance of about 2,400 km in the east-west direction in the shape of an
arc. The width of the mountains varies from 400 km in the west to 150 km in the
east. Himalayas cover an area of about 500, 000km®”. The average elevation of the
eastern half portion is greater than that of the western half.

Mountainous area in India occupies 96.06 M-ha divided into: Himalayas
51.43 M-ha, Vindhya region 9.27 M-ha, Eastern Ghats 18.02 M-ha, Western Ghats
7.74 M-ha, and Satpura Ranges 6.60 M-ha. The area of Himalayas above various
contour heights is given in Table [

The Himalayas, which are geologically young mountains, consist of three main
series running parallel to each other. The northern most range is known as the
Great Himalayas or the Himadri. In this range, the average altitude is about 6,000 m
and this range contains a number of high peaks including the Mount Everest
(height = 8, 848 m) which is the highest peak in the world. This peak is located in
Nepal where it is known as Sagarmatha. The second highest peak of Hamalayas is
Kanchenjunga (8,598 m) which is the highest peak in India. Other prominent peaks
are Nanga Parbat (8,126 m) and Nanda Devi (7,817 m).

Table 1. Area of Himalayas above various contour heights

Contour height Area (million km?) Percent
1,500 4.6 100
2,100 3.90 85
3,000 3.20 69
3,600 to 4,500 2.10 45

5,400 to 6,000 0.56 12
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The second range, the Middle Himalayas or Himachal, lies to the south of
Himadri. Here, the altitude is between 3,700 to 4,500 m and the width is about 50 km.
Popular hill stations of North India, such as Darjeeling, Dharamshala, Dalhousie,
Shimla, and Mussorrie are located in this range.

The southern most range is the outer Himalayas or the Shivaliks. Here the altitude
ranges from 900 to 1,100 m and the width varies between 10 and 15 km. In between
the Himachal and Shivalik ranges are plateaus and flat bottom valleys of thick
gravel and alluvium. Locally, these are known as duns, e.g., Dehradun.

In the east-west direction, Himalayas can be divided into four parts. The Western
Himalayas cover the state of Jammu & Kashmir and a part of Himachal Pradesh.
The part between Satluj River and the Kali River is known as Kumaon Himalayas
and the Nepal Himalayas lie between the Kali River and the Tista River. The area
between the Tista and the Brahmaputra Rivers is known as the Assam Himalayas.
The major rivers of north India that originate from Himalayas are the Indus, Satluj,
Ganga, and the Brahmaputra. Being snowfed, these rivers are perennial and carry
large amount of water and sediments. The origin of the Indus, the Satluj and the
Brahmaputra is near the Kailash Mansarovar region.

Besides the snow covered peaks, glaciers and pristine rivers, Himalayas are
known for beautiful valleys the world over. The valleys of Kashmir, Kulu, Kangra,
and Khasi and Garo hills are known for their scenic beauty and salubrious climate
attracting millions of tourists every year.

1.1.2. The Northern Plains

The Himalayas are young mountains and the rivers originating from them carry
large volumes of sediments. As these rivers enter plains, their velocity and hence
the sediment carrying capacity reduces which forces them to dump the sediment.
The north Indian plains of Indus and Ganga were formed by the alluvium that was
carried by the rivers originating from Himalayas. This has led to the formation of
vast northern plains of thick and fertile alluvium in north India. This coupled with
favorable climate and adequate water supply has made this region highly fertile.
No wonder that this region was the birthplace of the most ancient and enduring
civilization on earth, known as the Indus valley civilization.

The northern plains extend from the mouths of the Indus in the west to the
mouths of the Ganga-Brahmaputra in the east, a distance of about 3,200 km. The
width of the plains varies between 300 km to 150 km.

The western part of these plains has five rivers — the Indus and its tributaries,
the Chenab, the Ravi, the Beas and the Satluj. Locally, the land between two rivers
is known as the Doab (Do means two and ab means water). [Readers may recall
the equivalent Greek word Mesopotamia, which also means the land between two
rivers. The famous Mesopotamian civilization arose in the valley of Euphrates and
Tigris, modern Iraq, about 5,000 BC.] By the same analogy, the plain formed by
five rivers in north India is known as Punjab (Punj means five). After the partition
of India in 1947, a large part of Punjab is now in Pakistan.
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The plains of Ganga valley can be divided into four parts based on relief. A narrow
belt of land near the foot of the Shivaliks is known as Bhabar. Its width is about
8—16km and it is covered with pebbles. A wet and marshy belt known as the Terai
lies south of Bhabar. This belt supports forests and wildlife. The older alluvium
of the plain is known as Bhangar. The continuous deposition of alluvium leads
to the formation of terrace-like features on the flood plains which are known
as Khadar.

1.1.3. The Peninsular Region

This is a triangular shaped region whose vertex is near Kanyakumari at the southern
tip and base is near the line joining Calcutta to Saurashtra in Gujarat. In this
region, the elevation varies between 300 and 1,800 m. The peninsular region may be
further subdivided into two parts: the central highlands and the Deccan Plateau. The
northern part of the peninsular region which consists of low mountain ranges and
igneous rocks forms the central islands. The north-western part of this area is dotted
with very old mountains, known as the Aravallis. The southern boundary of this
highland is formed by Vindhyachal mountain range. Further west to Aravallis lies
the Thar desert. The Malwa plateau lies between the Aravallis and the Vindhyachal
range. The area east to Malwa plateau is known as Bundelkhand. The valley of
Narmada River lies to the south of Bundelkhand. To the east of Narmada valley
is the Chottanagpur plateau whose major part comes under the newly formed
Jharkhand state.

The southern part of the peninsular region is known as the Deccan plateau which
extends southward from the Satpura range. The western boundary of this plateau
is formed by a mountain chain known as Western Ghats. This is a low mountain
range near the western coast of India. In the Maharashtra state, these mountains
are known as Sahyadri, in Tamil Nadu they are known as Nilgiri, and in Kerala
they are known as Cardamom hills. The hills near the eastern boundary of the
plateau are known as Eastern Ghats. The general slope of the peninsular plateau is
towards east as evidenced by the flow direction of major rivers. But the north part
of the plateau slopes towards west. The Major mountain ranges in India are given in
Figure

1.14. The Coastal Plains

The coastal plains lie between the Western Ghats and the Arabian Sea on the west
coast and the Eastern Ghats and the Bay of Bengal on the east coast. These are
narrow strips of land which are desiccated by a number of rivers. The northern
part of the west coast plains is known as the Konkan Coast and the southern part
as the Malabar Coast. The western coast has a number of big seaports, such as
Mumbai and Cochin. The eastern coastal plains are wider than the western plains
and the alluvial deposits are thicker. A number of rivers, such as the Mahanadi, the
Godavari, the Krishna, and the Cauvery, have the deltas on the eastern coast.
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Figure 2. Major mountain ranges in India

1.1.5. The Islands

The Andaman and Nicobar islands consist of a total of 572 picturesque islands in
the South Eastern part of the Bay of Bengal. They lie along an arc in long and
narrow broken chain, approximately North-South over a distance of nearly 800 km.
Most of these islands are of small size, less than 50 km in length.

The other group of islands known as the Lakshadweep group is in the Arabian
Sea. This tiniest Union Territory of India with an area of 32sq. km is an
archipelago mainly consisting of ten inhabited islands and 17 uninhabited islands.
The inhabited islands are Kavaratti, Agatti, Amini, Kadmat, Kiltan, Chetlat, Bitra,
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Andrott, Kalpeni and Minicoy. The islands are located in the Arabian Sea between
8° to 12°13” North latitude and 71° to 74° East longitude, 220 to 440 km away from
the coastal city of Kochi in Kerala.

1.2. POLITICAL DIVISIONS OF INDIA

The Republic of India is a Union consisting of 28 states and 7 union territories.
New Delhi is the capital of India. The area of each state and union territory is
presented in Table 2l In terms of area, Rajasthan is the largest state followed by
Maharashtra; Goa is the smallest state in terms of area. The political map of India
is shown in Figure 3

1.3. CLIMATE

The presence of mighty mountains in the north, extensive plateaus and the ocean
in the south has an important influence on the climate of India. Geographic and
physiographic characteristics have greatly influenced the climatic characteristics
of the country. India is a country with extremes of climates. The Indian sub-
continent experiences tropical monsoon climate in general due to the Himalayas
which function as an effective meteorological barrier. Here temperature varies from
more than 47°C at some places in summer to below —40°C at many places in
Himalayas; rainfall varies from almost negligible to about 11,000 mm per annum.
Cherrapunji in India has the distinction of receiving the highest rainfall in the
world, caused by the interplay of the vigorous sweep of monsoon currents and the
funnel shaped alignment of the adjoining ranges. This wide range of climatic condi-
tions working in conjunction with a range of topographic and soil/rock properties
produces a complex and interesting pattern of water resources distribution over the
country.

According to an accepted definition, a place is classified as arid if it lacks
sufficient rainfall to support agriculture. The moisture availability index (MAI) is
defined as:

MAI = 75% of probable rainfall (P75)/ET, (1)

where ET,, is the reference crop evapotranspiration. MMI is also widely used to
classify climate. Based on MMI, most places in India are arid during Oct. to May.

1.3.1. Temperature

Temperature and rainfall are two important variables that characterize climate. In
India, the hottest months are April, May and June. With the onset of monsoons,
the maximum temperature drops significantly, although the weather can be quite
humid at times. Temperatures start falling from October onwards and are at the
lowest during December-January. With the passage of vernal equinox in March,
cool weather gives way to hot summer.
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Table 2. Area and population of Indian states and union territories

Chapter 1

S. N.  States/Union Territory Capital Area in sq. km Rank in terms
of area
States
1 Andhra Pradesh Hyderabad 275,068 4
2 Arunachal Pradesh Itanagar 83,743 14
3 Assam Dispur 78,438 16
4 Bihar Patna 94,163 12
5 Chattisgarh Raipur 135,194 10
6 Goa Panaji 3,702 28
7 Gujarat Gandhinagar 196,024 7
8 Haryana Chandigarh 44,212 20
9 Himachal Pradesh Shimla 55,673 17
10 Jammu & Kashmir Srinagar 222,236 6
11 Jharkhand Ranchi 79,714 15
12 Karnataka Bangalore 191,791 8
13 Kerala Thiruvananthapuram 38,863 21
14 Madhya Pradesh Bhopal 308,252 2
15 Maharashtra Mumbai 307,690 3
16 Manipur Imphal 22,327 23
17 Meghalaya Shillong 22,429 22
18 Mizoram Aizawl 21,081 24
19 Nagaland Kohima 16,579 25
20 Orissa Bhubaneshwar 155,707 9
21 Punjab Chandigarh 50,382 19
22 Rajasthan Jaipur 342,239 1
23 Sikkim Gangtok 7,096 27
24 Tamil Nadu Chennai 130,058 11
25 Tripura Agartala 10,486 26
26 Uttar Pradesh Lucknow 241,068 5
27 Uttaranchal Dehradun 53,343 18
28 West Bengal Kolkata 88,752 13
Union territories
1 Andaman & Nicobar Islands  Port Blair 8,249 1
2 Chandigarh Chandigarh 114 5
3 Dadra & Nagar Haveli Silvassa 491 4
4 Daman & Diu Daman 112 6
5 Lakshadweep Kavaratti 32 7
6 Pondicherry Pondicherry 492 3
7 National Capital Territory Delhi 1,483 2
Total 3,287,263

Eastern parts of Andhra Pradesh, Tamil Nadu and some parts of Gujarat and
Orissa are the warmest parts of the country. Jammu & Kashmir, Himachal Pradesh,
Uttaranchal, and Arunachal Pradesh are the coolest states. Over the central parts
of India, the maximum recorded temperatures often exceed 45° C while along the
west coast, the maximum temperatures fall in the range between 35°—40° C. Smaller
values of maximum temperatures of around 25° C are recorded in parts of Himachal
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Figure 3. Political map of India

Pradesh and Jammu & Kashmir. Low temperature dropping to the vicinity of —40° C
have been recorded in the northern most parts of India at Kargil.

Table [ gives the maximum and the minimum temperatures in the months of
January and July, rainfall, and mean wind speed for important cities of India. The
maximum and minimum summer and winter temperatures for various states and
union territories in India is given in Table [
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Table 3. Selected climatic variables at important cities of India

Chapter 1

Station Temperature (°C) Annual rainfall Annual mean
January July (mm) wind speed
km/hour
Max. Min. Max. Min
Aizawl 234 8.0 28.2 17.3 2,263.8 7.3
Ahemadabad 324 9.3 37.5 23.7 823.1 6.9
Amritsar 22.6 0.2 41.4 21.9 649.1 8.6
Balasore 30.5 10.3 34.2 24.1 1,688.6 7.6
Bangalore 29.6 12.3 30.2 18.1 923.7 11.5
Bhopal 29.6 5.5 353 21.3 1,208.9 8.3
Chennai 30.3 18.1 37.8 23.2 1,215.3 11.8
Cherrapunji 18.9 4.7 26.0 16.9 11,418.7 8.9
Darjeeling 13.9 0.0 21.9 12.7 2,758.4 3.1
Dehradun 23.1 2.7 34.7 20.7 2,313.7 32
Guwabhati 26.5 8.2 34.9 24.1 1,637.2 32
Hyderabad 31.9 10.7 34.0 21.0 764.4 12.6
Jaipur 26.8 2.7 39.5 22.9 648.1 124
Kolkata 29.9 9.9 34.6 24.5 1,581.8 4.9
Lucknow 27.4 4.8 38.3 23.9 992.4 3.1
Margaon 32.9 19.1 29.7 22.2 2,611.7 13.6
Mumbai 33.0 16.1 31.8 23.1 2,099.2 10.5
New Delhi 27.0 3.0 40.3 23.6 714.2 9.8
Patna 27.1 7.0 36.5 24.4 1,109.8 6.8
Port Blair 30.7 22.0 30.7 22.1 3,180.5 13.5
Raipur 31.0 9.5 34.9 21.7 1,388.2 7.8
Ranchi 27.7 59 32.5 20.9 1,462.7 5.0
Shillong 19.0 0.3 26.6 16.3 2,415.3 4.1
Shimla 14.3 -3.3 25.0 12.8 1,480.6 3.6
Sibsagar 25.6 6.9 35.6 23.3 2,504.3 44
Silchar 28.2 8.8 35.6 23.9 32254 1.8
Srinagar 9.4 —6.7 35.5 14.5 664.0 4.0
Thiruvananthapuram 33.3 20.1 31.2 21.7 1,839.3 79

1.3.2. Precipitation

The annual precipitation over the country including snowfall is about 4,000 cubic
kilometers which is equivalent to about 120 cm of rainfall depth. This amount is
the largest anywhere in the world for a country of a comparable size. The annual
rainfall however fluctuates widely. Over the Khasi and Jaintia Hills it is 1,100 cm,
while towards the north, in the Brahmaputra valley, the rainfall drops to 200 cm.
Cherrapunji, which has an elevation of 1,330 m records a rainfall of the order of
1,142 cm in a year and as much as 104 cm in a day. Out of this, seasonal rainfall is
of the order of 3,000 cubic kilometers. In India, rainfall is received through South-
West and North-East monsoons, cyclonic depressions, and western disturbances.
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Table 4. Maximum and minimum summer and winter temperatures for various states and union territories

in India
States/ Union Summer Winter
territories
Max. °C Min. °C Max. °C Min. °C
States
Andhra Pradesh 41 20 32 13
Arunachal Pradesh
Assam 35 18 26 17
Bihar 47 20 28 04
Chhattisgarh
Goa 32 21
Gujarat 41 27 29 14
Haryana 46 35 14 02
Himachal Pradesh 33 14 15 00
Jammu & Kashmir
Jharkhand
Karnataka 35 26 25 14
Kerala 35 21
Madhya Pradesh 48 22 23 04
Maharashtra 39 22 34 12
Manipur 29 14 25 07
Meghalaya 25 15 16 04
Mizoram 29 18 24 11
Nagaland 18 29 24 11
Orissa 49 27 16 05
Punjab 45 35 14 00
Rajasthan 47 17 32 07
Sikkim
Tamil Nadu 43 18
Tripura 35 24 27 13
Uttar Pradesh 45 11 32 02
Uttaranchal
West Bengal 40 24 26 07
Union territories
Andaman & Nicobar Islands 33 22 31 22
Chandigarh 43 35 14 7
Dadra & Nagar Haveli 41 27 29 14
Daman & Diu 32 21
Lakshadweep
Pondicherry 43 18
National Capital Territory of Delhi 45 35 20 07

Most of the rainfall takes place under the influence of South-West monsoon between
June and September, except in Tamil Nadu where it occurs under the influence
of North-East monsoon during October-November. Rainfall in India shows great
variations, unequal seasonal distribution, unequal geographical distribution, and
frequent departure from the normal.
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In the parlance of the India Meteorological Department (IMD), a day with a
rainfall of 2.5 mm or more is known as a rainy day. The mean annual number of
rainy days over India varies from less than 20 over the northwestern parts (West
Rajasthan and Kutchh region of Gujarat), to more than 180 in the north-east parts.
In the southern parts of the West Coast also, the annual number of rainy days
is quite high, about 140 days. The annual number of rainy days is around 40-60
over central parts of India. From the observed spatial pattern, the mean intensity
of rainfall is found to vary between 10 and 40 mm per rainy day. In the extreme
northern parts, the lowest value is below 10 mm/day. The intensity is near about
10 mm/rainy day over north-western India. Along the West Coast as well as in
some parts of north-eastern India, the highest value is about 40 mm/day.

The average annual rainfall over the country is shown in Figure @l As seen
from the figure, there exists a considerable amount of areal variation in the annual
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Figure 4. Average annual rainfall over India
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rainfall in India. The annual rainfall varies from about 100 mm in western deserts
to about 1,100mm in north-eastern parts of the country. The wettest states of
India are Meghalaya and Arunachal Pradesh, Assam, sub-Himalayas, West Bengal,
Andaman & Nicobar Islands, Konkan, Coastal Karnataka and Kerala also receive
rainfall in the range 250—400 cm per year. More than half of the precipitation takes
place in about 15 days and that too in about 100 hours in a year. The number of
rainy days varies from about 5 in western deserts to 150 in the north-east. Such a
wide variation makes the task of water resources engineers very challenging indeed.

On the west coast of India, heavy rainfall occurs along the slopes of the Western
Ghats on the windward side, rapidly decreasing on the leeward side. On the east
coast of India, rainfall is the highest near the coast and decreases inland. In the
northern plains, rainfall decreases from 150 cm in West Bengal to nearly 10cm in
extreme west Rajasthan.

In the Himalayas, annual rainfall in the eastern Himalayas is more than that in
the western side, being more than 200 cm in eastern Himalayas and only about
70 cm in the western Himalayas. It is also higher in the lower foothills and rapidly
decreases in the upper ranges.

1.3.3. Monsoons

The word ‘monsoon’ is an Arabic word which means winds changing directions.
It is commonly used to denote the seasonal reversal of the wind direction along
the shores of the Indian Ocean. In Indian sub-continent, the winds generally blow
from the southwest during half of the year and from the northeast during the other
half. The reversal of direction is due to the effects of differential heating as the
Himalayan plateau heats up during the summer, causing the air to rise and be
replaced by the warm, moist air from over the Indian Ocean. Towards the end of
May when the weather is the hottest in India, the south-east trade winds from the
south Indian Ocean cross the equator and after deflecting, due to the rotation of
the earth, extend rapidly into the north Indian Ocean, the Bay of Bengal and the
Arabian Sea as South-Westerlies. These deflected trade winds first enter the south
Bay of Bengal early in May and later get established over both the sea areas. This
westerly current which extends from the Arabic coast to the China Sea across India
is called the Indian south-west monsoon.

The SW or the summer monsoon is the single most noteworthy feature of the Indian
climate. This monsoon starts from the equatorial belt and hits the Indian subcon-
tinent in two distinct currents. These are known as the Bay of Bengal branch that
sets in the North-eastern part of the country and the Arabian Sea branch that hits
at the southern part of the peninsula. The first branch moves westwards, and the
second northwards, and they together cover the whole country. Andaman & Nicobar
Islands receive rains from the Bay of Bengal branch which normally sets in by 20
May. Monsoon reaches Kerala by June 1 and advances along the Konkan coast in
early June. Normally, monsoon sets over the entire country by the middle of July.
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During the monsoon season, sky is generally cloudy and there are frequent spells
of intense rainfall. Figure Blshows the dates on onset of monsoon over the country.

As the summer monsoon heralds the major rainy season, its arrival is eagerly
awaited by all sections of Indian society, the leaders, the planners, the decision
makers, the farmers, the traders, and so on, with great expectations. Monsoon rains
give relief from sweltering heat and trigger the beginning of sowing operations on
a large scale.

The Bay of Bengal is a source of cyclonic systems of low pressure called
‘monsoon depressions’ during this season. They form in the northern part of the
Bay of Bengal with an average frequency of about 2 to 3 per month. Further they
move in a northward or north-westward direction and bring well-distributed rainfall
over the central and northern parts of the country. The distribution of rainfall
over northern and central India is critically influenced by the path taken by these
depressions. During the latter half of the month of September, the SW monsoon
current becomes feeble and begins withdrawing from the north-western parts of
India. It withdraws from almost all parts of the country by the end of September,
and is slowly replaced by a northerly continental airflow. The retreating monsoon
winds cause occasional showers along the east coast of Tamil Nadu, but decrease
towards the interior.

During the monsoon season, it does not rain every day. There are some periods
known as ‘breaks in the monsoon’, when rainfall activity is absent and weather
is uncomfortably hot and humid. The usual duration of breaks is 3—7 days and
they are frequent in August. Prolonged breaks may cause severe damages to the
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crops. Global features like El Nino, northern hemispheric temperatures and snow
cover influence the year-to-year variability of monsoon rains. Heavy rainfall in
the mountainous catchments during monsoon causes floods over the plains. The
withdrawal of monsoon takes place in the month of September. Figure [g shows the
normal dates of withdrawal of monsoon.

Although the SW monsoon covers the entire country for four monsoon months,
its actual stay at a specific place depends on the dates of its onset and withdrawal.
Over Western Rajasthan, monsoon may last for about 70 days while the duration
may be more than 120 days over the south-western peninsula.

The post-monsoon or north-east (NE) monsoon season is known as a transitional
season. During this transitional season the north-easterly airflow becomes estab-
lished over the subcontinent and produces the winter or NE monsoon rains over the
southern tip of the country. During this season tropical cyclones form in the Bay
of Bengal and result in heavy rainfall along their path. Due to these storms, rainfall
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Figure 6. Normal dates of withdrawal of monsoon
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has been received mainly in many parts of Tamil Nadu and some parts of Andhra
Pradesh and Karnataka. Due to high-velocity winds and tidal waves of these storms,
widespread damages also occur in the coastal regions.

During the monsoon season the day temperatures all over the country begin
falling sharply. Over north-western India the mean temperatures fall from about
38° C in October, to 28° C in November. Decrease in humidity levels and clear skies
also found over most parts of north and central India after mid-October.

As the south-west monsoon withdraws, a north-easterly flow of air begins. This
air picks up moisture from the low-pressure areas in the Bay of Bengal and hits the
coastal areas of Orissa and Tamil Nadu to cause rainfall. During this period, severe
tropical cyclones are also formed in the Bay of Bengal and the Arabian Sea. These
cyclones are responsible for intense rainfall in the coastal areas. Table [3] gives the
normal dates of onset and withdrawal of monsoons.

Table 5. Normal dates of onset and withdrawal of monsoons

Year  South West Monsoon North East monsoon North East monsoon Year
May  June October  November November December January
1934 8 24 18 1934
1935 12 13 28 1935
1936 19 22 22 1936
1937 4 27 19 1937
1938 26 27 9 1938
1939 5 14 17 1939
1940 14 27 9 1940
1941 23 21 19 1941
1942 10 1 5 1942
1943 29 5 13 1943
1944 3 20 24 1944
1945 5 12 10 1945
1946 29 16 8 1946
1947 3 19 4 1947
1948 11 16 3 1948
1949 23 20 1 1949
1950 27 15 16 1950
1951 31 6 2 1951
1952 20 15 15 1952
1953 7 14 13 1953
1954 31 15 11 1954
1955 29 20 10 1955
1956 21 26 28 1956
1957 1 16 . 3 1957
1958 14 29 19 1958
1959 31 21 4 1959
1960 14 21 18 1960
1961 18 24 15 1961
1962 17 9 13 1962
1963 31 20 10 1963

1964 6 29 27 1964
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1965 26 15 12 1965
1966 1 6 22 1966
1967 9 15 20 1967
1968 8 15 21 1968
1969 17 14 3 1969
1970 26 14 12 1970
1971 27 19 19 1971
1972 18 21 27 1972
1973 4 17 31 1973
1974 26 5 30 1974
1975 31 25 20 1975
1976 31 15 26 1976
1977 29 10 6 1977
1978 29 21 1 1978
1979 11 22 15 1979
1980 1 10 6 1980
1981 31 23 24 1981
1982 29 18 19 1982
1983 13 24 18 1983
1984 30 3 7 1984
1985 28 29 17 1985
1986 4 26 30 1986
1987 2 20 26 1987
1988 27 3 6 1988
1989 3 29 10 1989
1990 28 18 27 1990
1991 2 19 23 1991
1992 5 2 9 1992
1993 28 13 1 1993
1994 28 18 24 1994
1995 8 23 13 1995
1996 3 10 19 1996
1997 8 13 23 1997
1998 2 28 4 1998
1999 25 4 12 1999
2000 1 5 2 2000
2001 23 16 2001

The water vapor carried by the monsoon during June-September is about 1,110 M
ha-m. About 300 M ha-m (= 27% of the total) of this moisture precipitates in the
form of rainfall. During the remaining eight months of the year, there is a substantial
amount of moisture over the country. The precipitation during this eight-month
period is of the order of 100 M ha-m. In South India covering Tamil Nadu, Andhra
Pradesh, and Kerala States, north-eastern monsoon also significantly contributes to
precipitation.

In the beginning of December, weather disturbances originating in the
extra-tropical region enter India from Afghanistan and Pakistan. These are known
as western disturbances and cause moderate to heavy rain and snowfall in the
Jammu & Kashmir and Himachal Pradesh States. Light to moderate rainfall is also
experienced in the northern plains.
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1.34. Seasons in India

Based on the temperature and precipitation variations, there are four distinct seasons
in India.

(i) The Cold Weather Season

The cold weather season starts in early December and is over by the end of February.
January and February are the coldest months. In these months the temperature
remains cool and dry. The temperature varies between 10° C—15° C in the northern
India as well as about 25° C in the southern India. Due to the western disturbances,
heavy rainfall on the coast of Tamil Nadu occurs in this period. The north-west
part of India also receives some rainfall or snowfall in this season. In other parts
of the country, the months of January and February are cloudless and rainless and
the weather remains pleasant.

(ii) The Hot Weather Season

The hot season starts in the month of March and lasts till mid June. Weather is
very hot during this season due to vertical sunshine over India. The highest day
temperature reaches close to 50° C in some places. Pre-monsoon showers are found
to occur in Chottanagpur, Kerala, and Western Ghats due to low-pressure moist
winds from Arabian Sea. The northern plains remain dry and hot winds called /oo
blow during the day. Sometimes dust storms occur in Punjab, Haryana and Uttar
Pradesh followed by light rain and cool breeze, thereby lowering the temperature
to a great extent.

Thunderstorms associated with light rain are frequently formed in this season.
Hails also fall at some places in this season and at times these cause damage to
crops. Over the northern plains a few dust storms, locally known as andhis, also
occur. Strong winds accompany these storms which carry substantial quantity of
dust whose erosion is aided by the dry weather. Winds carry large quantity of loose
material such as papers, dry leaves, polythene bags etc. This material settles down
soon only if the winds are followed by showers. Over the eastern and north-eastern
regions in the states of Bihar, West Bengal and Assam, violent thunderstorms with
strong winds and rain lasting for short durations also occur.

(iii) The Advancing Monsoon Season

As already described above, this season runs from mid June to September. Heavy
rainfall in the whole of India occurs due to monsoon winds starting from Bay of
Bengal and Arabian Sea. Sometimes one can observe rainfall almost non-stop for
several days at various intensities. The weather becomes hot and sultry when there
is a break in monsoon.

(iv) The Retreating Monsoon Season

This season runs from October to November. In this season sky is usually clear and
humidity is low. Monsoon starts retreating in late September to early October. The
months of October and early November form a period of transition from hot rainy
season to dry winter season.
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The period of transition when low-pressure area is transferred from north-west
of India to Bay of Bengal is marked by the formation of cyclones. Sometimes these
cyclones attain such a great speed that they become devastating. Normally these
cyclones affect coastal areas of Andhra Pradesh, Orissa, and Bangladesh. Great loss
of life and property due to these havocs took place in Bangladesh in 1970, Andhra
Pradesh in 1977 and 1997. The recent disaster in 1999 in Orissa is unforgettable,
when more than 10,000 people were killed.

1.3.5. Number of Rainy Days

A day on which 2.5 mm or more of rain falls is counted as a rainy day. The pattern
of rainy days generally follows the annual rainfall pattern described earlier.The
Western Ghats, Assam, portions of sub-Himalayan West Bengal and some higher
elevations of the Himalayas up to Punjab have more than one hundred rainy
days. In extreme west Rajasthan the number of rainy days is less than ten. As in
the case of rainfall distribution, the number of rainy days in the northern plains
decreases from east to west. In the peninsula, between 40 and 50 rainy days occur
over the semi-arid regions extending from mid Maharashtra to Tamil Nadu. Over
Orissa, Madhya Pradesh and adjoining Andhra Pradesh, there are between 50 to
75 rainy days. On the west coast, the number of rainy days is as high as 137 at a
few places.
The rainfall regions may be divided into four parts as mentioned below:

(i) Heavy Rainfall Regions

These rainfall regions receive more than 200 centimeter of rainfall annually. Assam,
Arunachal Pradesh, Meghalaya, Sikkim, West Bengal, and southern slopes of
Eastern Himalayas fall under this category. Western Coastal regions and Western
Ghats also receive heavy rainfall from the Arabian Sea monsoon. The heaviest
rainfall in the world (more than 1,142 cm) is found at Mawsynram (near Cherra-
punji) in Meghalaya. It should be noted that Mawsynram is a new station established
near Cherrapunji. It was found that the rainfall at Mawsynram is higher than that
at Cherrapunji.

(ii) Areas of Moderate Rainfall

The areas where the annual rainfall is between 100-200cm come under this
category. Bengal, Bihar, Eastern U.P. and Sub-mountain regions of Punjab, Orissa,
Madhya Pradesh, and the east coast of Tamil Nadu receive moderate rainfall.

(iii) Regions of Low Rainfall

These areas receive an annual rainfall between 50-100 cm. Most of the Deccan
region, Gujarat, Eastern Rajasthan, Western U.P., Haryana and Northern Punjab are
the areas of low rainfall.

(iv) Areas of Scanty Rainfall
These areas receive less than 50 cm annual rainfall. Scanty rainfall is found mostly
in Kutch and Western Rajasthan. Due to Aravalli hills, Western Rajasthan remains
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dry. Scanty rainfall is also found in Southern Haryana, South-West Punjab, Ladakh
in Kashmir, and Lahul-Spiti in Himachal Pradesh.

1.3.6. Snow and Glaciers

Precipitation occurring in the Himalayas at heights of 2,450 m and above usually
gets solidified as snow. All the great peaks of Himalayan mountains are, therefore,
covered with snow. The mountainous area covered by snow is about 80% of the
total area of Himalayas. In Himalayas, the western part gets more snow than the
eastern and gets it earlier. The snowline, the lowest line on a mountain at which
snow exists throughout the year, is about 5490 m at the equator and 610m in
Greenland. In temperate zones, it is about 3,050 m. In winters, the snow line can
descend to altitudes as low as 2,500 m.

As successive snowfalls occur, pressure on the lower layers increases and the
snow becomes a granular ice. When the weight of ice increases, the depth of ice
being more than 76 m, it begins to move and is known as a glacier. The rate of
movement varies from 0.3 m to several metres a year. Table [l shows snow covered
areas of Himalayas lying between 70° and 100°E and south of 40°N in different
months during 1979-82.

(i) Indian Himalayan Glaciers
Glaciers can be conceived as natural reservoirs which store precipitation in the
winter season and gradually release it as melt water in summers, thereby augmenting
flows into the rivers. Himalayas are the home to a multitude of glaciers and are the
largest reservoir of snow and ice outside the polar regions. Snowmelt runoff and
glacier melt runoff makes these rivers perennial in nature. In the rivers originating
from Himalayas, significant snow and glacier melt runoff contribution begins in
April when seasonal snow cover starts ablating. This contribution continues till
October/ November depending upon the climate conditions.

The principal glaciers in Himalayas can be divided in four groups:
. Punjab Himalaya Group,
. Garhwal Himalaya Group,
. Nepal Himalaya Group, and
. Assam Himalaya Group.

o o

Table 6. Snow covered areas of Himalayas lying between 70° and 100°E and south of 40°N during

different months (after m, @)

Month Snow covered area (10°km?) Remarks

September, 1979 0.93 Minimum snow cover
January, 1980 2.11 Maximum snow cover
September, 1980 0.74 Minimum snow cover
March, 1981 3.67 Maximum snow cover
September, 1981 0.55 Minimum snow cover

January, 1982 2.44 Maximum snow cover
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(a) Punjab Himalaya Group of Glaciers. Under the Punjab Himalaya Group,
the major glaciers are: Rakhiot Glacier, Kolhai Glacier, Neh-Nar Glacier, Sarbal
Glacier, Kangriz Glacier, Brahma Glacier, Drung Drung Glacier, Mulkila Group
Glaciers, Barashigri Glacier, Dibi Bokri Glacier, Gara Glacier and Gorgarang
Glacier.

(b) Garhwal Himalaya Group of Glaciers. Garhwal Himalaya Group of Glaciers
includes Gangotri Glacier, Santopath Glacier, Kedarnath Glacier, Milam Glacier,
Pindari Glacier, Shankulapa Glacier, and Poting Glacier.

(¢) Nepal Himalaya Group of Glaciers. Yaling Glacier, Chong Kumadan Glacier,
Rundun Glacier, Glaciers adjoining to Dhaulagiri and Annapurna Peaks, Kang
Shung Glacier, Rupal Glacier, Khumbu Glacier, Glaciers adjoining to Makalu Peak,
and Zemu Glaciers fall under this group.

(d) Assam Himalaya Group of Glaciers. Glaciers adjoining Kanchenjunga peak,
Sanlung Glacier and Glaciers adjoining Gyara Pari peak falls under the Assam
Himalaya Group of glaciers.

(ii) Principal Glacier fed river systems of Himalayas

Since the snow glacial melt is a significant part of the flow in Himalayan rivers,
estimation of the melt rate of these bodies and the total volume of water expected
in the melt season is of vital use for water resources planning and management.
Due to paucity of detailed hydrological studies on Himalayan glaciers, database of
Indian glaciers is poor.

A number of important major rivers, namely, Indus, Ganga and Brahmaputra and
their tributaries originate from Glaciers of Himalayas. The important features of
principal glacier fed river systems of Himalayas are shown in Table [

Snow and glaciers melt during hot months (March to June) and yield large summer
flows in the Himalayan rivers, such as the Indus, the Ganga, the Brahmaputra,
and their tributaries. Table [7] contains data of principal glacier-fed river systems of
Himalayas.

Detailed investigations have been conducted only on a few glaciers. In the
following, summary information about selected glaciers is given.

Gangotri Glacier: Gangotri Glacier is one of the largest glaciers in the Himalayas.
The glacier is located in the Uttarkashi District of Uttaranchal State (U.A.) falling
in the Garhwal Himalayan Region. The location of Gangotri Glacier is shown in
Figure[7l The snout of the Gangotri Glacier is known as ‘Gomukh’ and a proglacial
melt water stream, known as Bhagirathi River, emerges out from Gomukh at an
elevation of 4,000 m. To reach at the Glacier, one has to trek for about 18 km from
the Gangotri town. Rough estimate based on the topography of the area and some
field observations suggest that the depth of the glacier is about 200 m. Gangotri
Glacier contains a large number of crevasses spread all over the ablation zone.
These crevasses are well exposed when seasonal snow accumulated in the ablation
zone is depleted.

Gangotri glacier system is a cluster of many glaciers comprising of main Gangotri
glacier (length: 30.20 km; width: 0.20-2.35 km; area: 86.32km”) as trunk part of
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Table 7. Principal Glacier fed river system of Himalayas

Major river system Name of Catchment area (sq. km) covered by Percentage

river/tributary glaciation
Mountains Glaciers

Indus Indus 268,482 8,790 3.3
Jhelum 33,670 170 5.0
Chenab 27,195 2,944 10.0
Ravi 8,029 206 2.5
Sutlej 47,915 1,295 2.7
Beas 14,504 638 44
Yamuna 11,655 125 1.1
Ganga 23,051 2,312 10.0
Ramganga 6,734 3 0.04

Ganga Kali 16,317 997 6.01
Karnali 53,354 1,543 29
Gandak 37,814 1,845 49
Kosi 61,901 1,318 2.1
Tista 12,432 495 4.0
Raidak 26,418 195 0.7

Brahmaputra Manas 31,080 528 1.7
Subansiri 18,130 725 4.0
Brahmaputra 256,928 1,080 0.4
Dibang 12,950 90 0.7
Lohit 20,720 425 2.01

Gross 1,001,294 25,724 2.6

Source: m (m)).
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Figure 1: Location map of the study area.

Figure 7. Location map of the Gangotri Glacier



Physical Environment of India 25

the system. It flows in the northwest direction. The major glacier tributaries of
the Gangotri Glacier system are Raktvarn Glacier (55.30km?), Chaturangi Glacier
(67.70km?), Kirti Glacier (33.14km?), Swachand Glacier (16.71km?), Ghanohim
Glacier (12.97km?), Meru Glacier (6.11km?), Maindi Glacier (4.76km?) and few
other having glacierised area of about 3.08 km?. The elevation area of the Gangotri
Glacier varies from 4,000—7,000 m. The Gangotri Glacier area also has several high
peaks around it, notably the majestic snow clad Shivling peak (= 6,500 m).

The Gangotri Glacier lies in the central crystalline zone. The Himalayan
crystallines along the Bhagirathi valley are composed of Pelitic and semi-pelitic
meta-sediments with acid and basic intrusive. The area is situated north of Main
Central Thrust (MCT) which separates the metamorphics from the underlying very
low grades of unmetamorphosed sedimentary sequence of the lesser Himalaya. Mica
schists are the predominant rock found over the MCT. Further, northeast of Gangotri
these schists are intruded by hard and massive granite known as Gangotri granite.
From Gangotri town towards Gomukh, the Gangotri granite gradually changes
into fine grained, well-foliated, garnetiferrous gneiss and augen gneiss intruded by
fine-grained aplitic veins.

The Bhagirathi river valley is a broad U-shaped with high sidewalls, which is a
characteristic of its glacial origin. The lower part of the ablation zone of the glacier
is covered with thick supraglacial moraine and shows development of few lakes.
Due to the recession, the location of Gomukh has also moved upstream with time.
Morainic material present between Chirwasa and Gomukh in the form of tillite
hillocks are considered as evidences of the extent of Gangotri Glacier. It is NW-SE
trending valley within the granitic terrain. The prominent geomorphic landforms
formed by the glacial environment are different levels of lateral, and recessional
moraines, U-shaped glacial troughs, terraces and outwash plains.

Thick vegetation is found from Gangotri town to Deo Gad. Deo Gad, located
about 5 km upstream to the Gangotri town, is a tributary to the Bhagirathi River.
The vegetation gradually reduces beyond Deo Gad. There is little vegetation around
Chirwasa, a place between Deo Gad and Gomukh, but beyond Chirwasa, the
vegetation is significantly reduced up to Gomukh. As such there is very little
vegetation between Chirwasa and Gomukh. Common flora found in the area are
Himalayan cedar (Botanical name: Cedrus deodara) which dominate on the slopes
along with few Spruce (Picea smitbiana), Silver fir (Abies pindrow) and Blue pine
(Pinus wallichiana). The Indian birch (Betula utilis) is the only tree found in and
around the Bhojwasa. The important faunas include leopard, musk deer and varau
deer. Many different species of birds also found in the area.

A preliminary analysis of limited rainfall data showed that the average summer
season rainfall (May-October) was about 260 mm. Mean monthly temperatures
for May, June, July, August, September and October were 8.8, 10.3, 11.7,
10.8, 7.7 and 5.3°c, respectively, suggesting that July is the warmest month.
Average daily maximum and minimum temperatures over the summer season was
14.6° C and 3.9°C, respectively. Day-time wind speed is about 4 times stronger
than the night-time wind speed. Mean daily sunshine hours were 5.6 hours.
Monthly pan evaporation was 150.6, 113.4, 106.9, 85.5, 92.0 and 97.6 mm for the
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month from May to October respectively. Meteorological conditions represent dry
weather conditions in the study area.

The mean daily discharge ranges between 5 and 194 m?/s. The mean monthly
discharge near the snout for May, June, July, August, September and October was
27.3,74.1, 121.8, 105.7, 57.0 and 19.7 m3/s, respectively; the maximum discharge
occurs in July. The months of July and August contribute about 57% to the total
summer discharge. The strong storage characteristics of the Gangotri Glacier are
reflected by the comparable magnitude of runoff observed during day-time and
night-time. Mean monthly suspended sediment concentration for May, June, July,
August, September and October during the study period were 1,942, 2,063, 3,658,
2,551, 646 and 160 mg/l, respectively. Mean monthly suspended sediment load for
corresponding months was found to be 6,002, 14,113, 39,371, 24,075, 4,371 and
267 tones, respectively.

A detailed description of the glacier system as well as observed data for the same
are given in (@)

The Dokriani Glacier: The Dokriani Glacier is a valley type glacier located in
Garhwal region of Himalayas. This glacier lies between latitudes 31°49’ to 31°52'N
and longitudes 78°47" to 78°51'E. The glacier originates in the vicinity of Janoli
(6,633 m) and Draupadi ka Danda (5,716 m) peaks. It is situated about 30 km ENE
of Bhukki village. A small stream, known as Din Gad, originates from the Dokriani
Glacier. It follows a narrow valley and meets Bhagirathi River at Bhukki. The
total drainage area of this glacier is about 23km? out of which about 10.3km?
is glaciated (the remaining part has rock outcrops, slopes, etc.). The elevation of
glacier varies from about 3,950-5,800 m and its length is about 5.5 km whereas its
width varies from 0.1-2.0 km from snout to the accumulation zone. The middle part
of the glacier is highly fractured and consists of crevasses, moulins, glacier table,
and ground moraines. The crevasses are mainly transverse type which is wide and
long. Sometimes longitudinal crevasses are also seen along the sides of the glacier.

The snout of glacier is situated at an elevation of about 4,000 m and is covered by

huge boulders and debris. The lower portion of the glacier is almost completely covered
by debris. The material of these moraines has been derived from the side of valley.
This glacier is bounded by two large lateral moraines which are about 200 m in height.
Besides these, several other lateral moraines are present at different altitudes. These
different levels of moraines are indicative of the past extension of the glacier.
The Kolhai Glacier (Jammu & Kashmir): This glacier is situated in the Lidder
Valley in Jammu & Kashmir State and extends from 75°19'N to 75°22'N latitude
and 34°8'E to 34°12'E longitude. The elevation of the glacier ranges from 3,650 m
to 4,800 m. On the basis of orientation and its location in adjoining valleys around
the Kolhai peak, the entire glacier can be divided into four parts. The average width
of 3 parts of the glacier is approximately 1km and that of the other part is about
0.75km. The length of the glacier varies from 2.5km to 6 km. The glaciated area
has been assessed to be around 24 km®.

Deep and wide crevasses exist all along the snout and ablation zone of the glacier.
Some of these crevasses are quite large — at a few places, the cracks in the ice



Physical Environment of India 27

Table 8. Physical characteristics of the glaciers with snout ages and average flow rates

Glacier Location Altitude (m) Length *2Si Post Modern
of Model flow flow
glacier age rate rate
(km)  (yr)  (miyr) (m/yr)

Nehnar (Kashmir) 34°09'N, 75°31'N  3,920-4,925 34 500 6 > 12

Chhota Shigri (H.P.) 32°15'N,77°3I'N  4,050-5,000 9.0 250 28 23

Gara (H.P.) 31°30'N, 78°26'N  4,710-5,600 6.0 200 20 60

Gorgarang (H.P.) 31°26'N, 78°24'N  4,765-5,360 3.5 160 18 NA

Zemu (Sikkim) 27°43'N, 88°17'N  4,260-6,000 26.0 120 200 NA

Chang me Khangpu  27°58'N, 88°42'N  4,850-5,800 5.8 100 40 13

(Sikkim)

are more than 10 m wide. A small but deep lake exists on the southern side of the
glacier. This lake is known as Doodhnag Lake. It is oval shaped with elevation
about 3,750 m and surface area about 2km?>.

The Chhota Shigri Glacier: The Chhota Shigri Glacier lies on the northern slope
of the main ridge of the Pir Panjal Range in the east of the Rohtang Pass (H.P.).
The high, steep ridges and mountain terrain provide an ideal condition for the
development of this glacier. The Chhota Shigri Glacier is located at 32°15'N and
77°31'E, covering about 10km? area. The total drainage area of Chhota Shigri
Glacier stream is approximately 45km?. There is very high gradient from accumu-
lation to ablation area and snout. The glacier melt drains out in a single confined
stream and meets the Chandra River. Lateral moraines are present all along the
body of the glacier up to the accumulation zone.

(iii) Radio Isotope Study of glaciers

Isotopic techniques are increasing being applied to study diverse glaciological
problems on selected Himalayan glaciers. Problems related to ice dynamic
(movement of glaciers ice, accumulation ratio of ice) based on natural and artificial
radio isotopes like *2Si, 21°Pb, ¥7Cs etc. and climatic variations in the Himalayan
environment based on stable isotopes have been studied. These isotopes provide
ages (residence time of snow/ice in the glacier) of the glacier ice all along the glacier
and provide time index to study various processes and glaciological parameters of
different time scales. The physical characteristics of the glaciers with snow ages
and average flow rates have been given in Table B

14. METEOROLOGICAL SUB DIVISIONS

The entire country has been divided into twenty two meteorological sub-divisions
as detailed in Table[l These sub-division are used in computations, such as weather
forecasting, and estimation of mean rainfall. The Table also gives the information
about the average annual and seasonal rainfall in the various meteorological sub-
divisions.
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Table 9. Meteorological sub-divisions of India

Chapter 1

SN Sub divisions Area (km?) Average Average Average
annual seasonal seasonal
rainfall rainfall rainfall/average
(mm) (June- annual

Sep.) (mm)  rainfall (%)
1 Andaman and Nicobar Islands 8,249 2,964 1,600 54
2 Arunachal Pradesh 82,578 2,997 2,085 70
3 Assam & Meghalaya 101,012 2,497 1,824 73
4 Nagaland, Manipur, Mizoram and 70,447 2,314 2,092 90
Tripura
5 Sub Himalayan West Bengal and 28,924 2,779 2,172 78
Sikkim
6 Gangetic West Bengal 66,228 1,429 1,079 76
7 Orissa 155,782 1,484 1,143 77
8 Bihar
Jharkhand (Bihar Plateau) 79,638 1,371 1,125 82
Bihar Plains 94,238 1,204 1,023 85
9 Uttar Pradesh
Uttar Pradesh East 146,509 1,014 893 85
Uttar Pradesh West 96,732 836 726 88
Uttaranchal (Hills of West Uttar 51,122 1,750 1,409 81
Pradesh)
10 Haryana, Chandigarh and Delhi 45,821 556 463 83
11 Punjab 50,362 611 467 76
12 Himachal Pradesh 55,673 1,518 993 65
13 Jammu & Kashmir 222,236 997 458 46
Rajasthan

14 Rajasthan West 195,086 310 275 89
Rajasthan East 147,128 700 647 92
Madhya Pradesh

15 Madhya Pradesh West 229,550 1,043 945 91
Madhya Pradesh East 213,291 1,398 1,227 88
Gujarat

16 Gujarat Region 86,597 967 920 95
Saurashtra & Kachchh 109,990 515 479 93
Maharashtra
Konkan & Goa 34,095 2,881 2,705 94

17 Madhya Maharashtra 115,306 940 788 94
Marathawada 64,525 794 660 93
Vidarbha 97,537 1,102 960 97
Andhra Pradesh

18 Coastal Andhra Pradesh 93,045 1,008 572 57
Telangana 114,726 931 759 82
Rayalseema 69,043 676 367 54

19 Tamil Nadu and Pondicherry 130,549 1,007 301 30
Karnataka

20 Coastal Karnataka 18,717 3,292 2,886 88
Interior Karnataka North 79,895 685 447 65
Interior Karnataka South 93,161 1,271 868 68

21 Kerala 38,864 2,978 1,998 67

22 Lakshadweep 32 1,496 943 63

Source: ).
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1.5. SOILS OF INDIA

The soils on which the society depends so much have evolved over thousands of
years. From the agricultural point of view, soil may be defined as the material
comprising weathered rock minerals, which, together with organic matter, water
and air, provides a medium for the growth of plants. This medium is the basic
source of all human and animal food.

Indian soils are generally classified into four major types: (i) the Indo-Gangetic
alluvium soils; (ii) the black cotton or regur soils; (iii) the red soils lying on
metamorphic rocks; and (iv) the laterite soils. Figure [§] contains a soil map of
India.
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Figure 8. Soil map of India
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1.5.1. Indo-Gangetic Alluvium

The Indo-Gangetic alluvium is by far the largest and most important of the soil
groups of India. The soils of this group cover about 777,000 square kilometres.
They are distributed mainly in the northern, north-western and north-eastern parts,
including the Punjab, Haryana, Uttar Pradesh, Bihar, Bengal, and parts of Assam
and Orissa.

Although there are local variations in properties, the basic characteristics of these
soils depend on the fact that these have been deposited by the numerous tributaries
of the Indus, the Ganga and the Brahmaputra River systems. While draining the
Himalayas, these rivers bring down the products formed by the weathering of rocks.

According to their age, these soils are classified as old alluvium and new alluvium.
At times, layers of hard pans are observed in the soil profile at various levels.
Layers of pebbles or kankar in the Indo-Gangetic alluvium of Uttar Pradesh and
West Bengal, and those composed of impure iron oxides are instances of these
hard pans.

A majority of the soils of the Punjab and Haryana plains are loams or sandy
loams, with a soil crust of varying depth. Soluble salts are present in considerable
quantities. The lower layers contain kankar nodules. The soil character is generally
alkaline due to the presence of sodium in the clay complex. The soils are rich in
phosphorus and potash, but are deficient in organic matter and nitrogen.

Two broad divisions are distinguished in Bihar: (i) the alluvium found north
of the Ganga and (ii) the alluvium found south of the Ganga. The soils in the
first group are clayey, loam to sandy loam, neutral to alkaline, rich in potash, and
deficient in phosphorous, while those in the second group are heavier and finer in
texture, with higher potassium oxide and of acidic pH in the southernmost parts.

In West Bengal, there is hardly any regularity in the manner of deposition of
river-borne materials. Some of the early deposits display considerable diversity on
account of their long subjugation to climatic and other controls. The presence of
arsenic in the soil profile is a cause of concern here.

The alluvial soils of Tamil Nadu are transported soils, found mainly in the deltaic
areas and on the coastal line. A section of the profile shows alternate layers of sand
and silt. The composition of the strata varies with the nature of the silt brought by
rivers which, in turn, varies with the catchment areas and the tracts through which
rivers flow.

1.5.2. Black Cotton Soils

The typical soil of the Deccan Trap is the regur or black cotton soil. It is common
in Maharashtra, western parts of Madhya Pradesh, Karnataka, and some parts
of Tamil Nadu. Generally, black soil areas have high fertility, although some
areas in the uplands display low productivity. The soils on the slopes and the
uplands are thin and somewhat sandy, but those in the plains are darker, deeper
and richer. Moreover, these are constantly enriched by deposits washed down from
the hills.
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Black soils are highly argillaceous, fine-grained, and dark with a high proportion
of calcium and magnesium carbonates. They are very tenacious of moisture, and are
exceedingly sticky when wet. Owing to considerable contraction on drying, large
and deep cracks are formed in dry season. The soils contain much iron and fairly
high quantities of lime, magnesia, alumina, and potash. However, they are poor
in phosphorus, nitrogen and organic matter. In all regur soils, in general, there is
a layer rich in kankar nodules formed by the segregation of calcium carbonate at
some depth below the surface and above the weathered rocks.

In Maharashtra, the soils derived from the Deccan Trap occupy quite a large
area. On the uplands and on the slopes, the soils are light coloured, thin and poor.
On the lowlands and in the valleys, relatively clayey black soils are found. Along
the Ghats, the soils are very coarse and gravelly. The soil is often some 6 metres
deep in the valleys of the Tapi, the Narmada, the Godavari and the Krishna. The
subsoil contains a good deal of lime. Outside the Deccan Trap area, the black cotton
soil predominates in the Surat and Broach districts of Gujarat. In Madhya Pradesh,
two distinct kinds of black soils are found: (i) deep heavy black soil covering the
Narmada valley, and (ii) shallow black soil. The cotton-growing areas generally
have deep and heavy black soils, although soils of lighter texture are also found.
The black soils of Karnataka are fairly heavy, with a high salt concentration. They
are generally rich in lime and magnesia.

1.5.3. Red Soils

Red soils extend practically over the whole Archaean basement of Peninsular India,
from Bundelkhand to the extreme south, covering 2,072,000 square kilometres,
embracing south Bengal, Orissa, parts of Madhya Pradesh, eastern Andhra Pradesh,
Karnataka and a major part of Tamil Nadu. These soils also occur in Santhal
Parganas in Bihar, and in the Mirzapur, Jhansi and Hamirpur districts of Uttar
Pradesh. They were produced as a result of meteoric weathering of ancient
crystalline and metamorphic rocks.

As the name suggests, the colour of these soils is generally red, grading sometimes
into brown, chocolate, yellow, grey and even black. The redness is due more to a
general diffusion than to a high proportion of iron content. Red soils can be divided
into two broad subgroups: (i) red loams of argillaceous character with a cloddy
structure and possessing a few concretions, and (ii) red earths with loose and friable
topsoil. The light sandy red and yellow soils found in the Mahanadi basin are of
alluvial origin. The formations in the north and on the west coast of Kerala consist
mostly of the sands deposited from the sea.

In the upland regions the soils are poor, thin, gravelly and light-coloured, while
in the plains and valleys these are of much more fertile, deep, dark varieties. They
are generally poor in nitrogen, phosphorus, and humus. Compared with regur, they
are poor in potash and iron oxide, and are also uniformly low in phosphorus.

More than two-thirds of the cultivated area in Tamil Nadu is covered by red soils.
They are in-situ formations, produced from the rock below under the influence of



32 Chapter 1

climatic conditions. The rocks are acidic, consisting of mica or red granites. The
soils are shallow and open in texture. They have a low exchange capacity and are
deficient in organic matter and plant nutrients. The predominant type in the eastern
tract of Karnataka is the red soil overlying granite. It is rich in potash, iron and
alumina. The acidic soils in the south of Bihar are red soils. In West Bengal, the
red soils are the transported soils from the hills of the Chhota Nagpur plateau.

1.54. Laterites

Laterite is a soil type peculiar to India and some other tropical countries, charac-
terized by the intermittent occurrence of moist climate. In formation it varies from
compact to vesicular rock composed essentially of a mixture of hydrated oxides of
aluminium and iron, with small quantities of manganese oxides, titania, etc. It is
produced by the atmospheric weathering of several types of rocks. Laterites may
break and be carried to lower levels by streams. When redeposited, they become a
compact mass by the segregate action of hydrates. Thus there are high-level laterites
resting on rocks, and low-level laterites formed in the usual way of detrital deposits.

Laterites are especially well developed on the summits of the hills of Karnataka,
Kerala, Madhya Pradesh, coastal region of Orissa, south Maharashtra, Malabar and
part of Assam. All lateritic soils are generally very poor in lime and magnesia, and
deficient in nitrogen. Occasionally, the Phosphorus content may be high, but there
is deficiency of K,O.

In Tamil Nadu, there are both high-level and low-level laterites which are formed
from a variety of rock materials under certain climatic and weather conditions. They
are both in-situ and sedimentary formations, and are found along the coastal region
where rainfall is heavy and the climate humid. The laterites at lower elevations grow
rice, whereas those at higher elevations grow tea, cinchona, rubber, and coffee. The
soils are rich in nutrients and contain 10 to 20 per cent organic matter.

In Kerala, in between the broad sea belt consisting of sandy soil and sandy loams
and the eastern regions comprising forest and plantation soils, the mainland contains
residual laterite. It is poor in total and available P,0Os, available K,O and CaO. The
laterite soils of Karnataka are comparable with the laterites found in Malabar, the
Nilgiris, etc. The soils have very low lime content on account of severe leaching
and erosion. In West Bengal, the area between the Damodar and the Bhagirathi is
interspersed with some basaltic and granitic hills with a laterite capping. The laterites
of Orissa are largely found capping hills and plateaus, occasionally in considerable
thickness. Two types of laterites have been distinguished: (i) the laterite murrum,
and (ii) the laterite rock. These are also found occurring together.

1.6. LAND USE AND LAND MANAGEMENT

The land is used for agriculture, for growing forests, for grazing animals, for mining,
for installing industries and for construction of houses, roads, railways, etc. For
sustainable development and prosperity of any country, the proper and wise use of
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Table 10. Land use classification of India

S.N. Classification Area (M-ha)
1 Total geographical area 328.73
2 Total cultivated area 184.38
3 Total gross cropped area 188.15
4 Net sown area 142.82
5 Gross irrigated area 70.64
6 Net irrigated area 53.00
7 Area under forest 68.39
8 Uncultivable area

(i) Area put to non-agricultural uses 22.51
(ii) Barren land 18.77
(iii) Permanent pastures and other grazing lands 11.24
(iv) Cultivable waste 14.21
9 Fallow land

(1) Current fallow 13.53
(ii) Other fallow land 9.77

the land is required. The land use depends on the kind of land, its depth, fertility,
water retention capacity, available mineral contents, and means of transportation,
etc. The use of land for agriculture depends on soil type, irrigation facilities, and
climate.
In India, about 51.09% of the land is under cultivation, 21.81% under forest and
3.92% under pasture. Built up areas and uncultivated land occupy about 12.34%
8 @)) About 5.17% of the total land is uncultivated waste, which can
be converted into agricultural land. The other types of land comprises up o 4.67%.
The land use classification of India is given in Table [0l The land use classification
of the country has also been presented in Figure

Land Area
329 m ha
Barren & Snow covered Productive Urban & Related Inaccessible
21 m ha 266 m ha 18 m ha 24 m ha
Agriculture Forest Tree crops, Pastures Culturable Fallow
143 m ha 67 m orchards 13 m ha waste 23 m
ha 3mha 17 m ha ha

Figure 9. Land use classification of India
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In India, the subject of land is under the exclusive jurisdiction of States.
There is no national legislation which restricts transfer of agricultural land to
other uses. However, State Governments have enacted legislation on the subject,
which provides restriction on use of land for non-agricultural purposes. Statutory
environmental clearance under Environment (Protection) Act is required for the
following types of agricultural development projects and human settlement projects:
e Agricultural Development Projects: Major irrigation projects with command area

of 10,000 ha and more.

e Human Settlement Projects: Located in the Coastal Regulation Zone.

If the land involved is forestland, prior clearance is to be obtained under Forest
(Conservation) Act to use forests for non-forest purposes. In case some activity
involves National Parks or Sanctuaries and if it is not beneficial to the wildlife, it
cannot be taken up in those areas. Regarding buildings in the coastal regulation zone,
there are restrictions on height, plinth area, withdrawal of groundwater, disposal
of waste, etc. Construction of buildings is prohibited in the sensitive areas within
Coastal Regulation Zone. Further, land type and local surface and ground water
conditions are increasingly being taken into account in selecting sites and techniques
for waste disposal. This has been found to have a positive impact on land use.

Land inventories are being generated on the basis of various characteristics
of the soil such as soil type, slope characteristics, climatic and hydrological
data, vegetation cover, land capability, land irrigability etc. These are updated
regularly. The organizations/agencies are involved in maintaining and updating
the land inventories are: National Bureau of Soil Survey and Land Use Planning
(Indian Council for Agricultural Research); All India Soil and Land Use Survey
Organization (Ministry of Agriculture); National Remote Sensing Agency; Indian
Space Research Organization; Department of Land Resources (Ministry of Rural
development); Ministry of Environment and Forests; and Survey of India. The
National Land Use and Conservation Board (NLCB) in the Ministry of Agriculture
is the national level policy planning, coordinating and monitoring agency for issues
concerning land resources management.

Land and water are mutually reinforcing resource systems. However since the
land use pattern has perceptible influence on hydrological characteristic and the
soil erosion factors, there is an urgent need to have an integrated water-land
management.

1.7. FORESTS

India is rich in bio-diversity — the country is one of the 12 mega-diversity nations.
The country has 7 % of the world’s biodiversity and supports 16 major vegetation
types. About 200 million people in India depend on forests for their livelihoods —
directly or indirectly. Forests are important in environmental and economic sustain-
ability, provide numerous goods and services, and maintain life-support systems.
The Indian forests ranges from evergreen tropical rain forests in the Andaman
and Nicobar Islands, the Western Ghats, and the north-eastern states, to dry alpine
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scrub that are found in the Himalayas. Interspersed between these two extremes are
semi-evergreen rain forests, deciduous monsoon forest, thorn forests, subtropical
pine forests, and montane zone forests.

The Forest Survey of India (FSI) assesses the forest cover of the country using
satellite imageries and ground verification and publishes The State of Forests Report
(www.fsiorg.net) is published after every two year. India’s total forest and tree
cover for the year 2003 has been assessed by FSI to be 778,229 km®. This consists
of 51,285sq. km of very dense forest, 339,279 sq. km of moderately dense forest,
287,769 sq. km of open forest, and 99,896 sq. km of tree cover. This implies that
forest cover occupied 20.64 % of country’s geographic area, tree cover occupied
3.04% area, yielding total 23.68 % of the covered area. Madhya Pradesh accounts
for the largest forest cover of the country at 76,429 sq. km followed by Arunachal
Pradesh (68,019 sq. km), and Orissa (48,366 sq. km). Table[TT] gives statewise forest
coverage of India.

Realizing the role of forests in controlling soil erosion, moderation of floods,
recharging of ground aquifers, as habitat for wildlife, conservation of bio-diversity
and gene pool, etc., several programmes have been launched.

The forest coverage of the country has shown a net increase of 33,896 sq. km
during the period from 1997 to 1999 (FSI, 1999). The area of dense forest has
increased by 10,098 sq. km; that of mangroves by 44 sq. km. While some states have
registered a net gain in the forest area, others show a declining trend. For instance,
in Andhra Pradesh, the net increase of 939 sq. km in forest cover has occurred in 5
years (1993-98), whereas in Mizoram, the loss of 437 sq. km has occurred in 4 years
(1994-98). Other states where gains have been recorded are: Arunachal Pradesh,
Gujarat, Haryana, Himachal Pradesh, Karnataka, Madhya Pradesh, Maharashtra
Orissa, Punjab, Rajasthan Tripura, U.P., West Bengal and Delhi. The states where
forest cover has declined are Assam, Bihar, Goa, Mizoram, Kerala, Manipur,
Meghalaya, Nagaland, Sikkim, and Andaman and Nicobar Islands. Forests in the
northeast of India spread over 14000 sq. km of the Himalayas foothills north of the
Brahmaputra River has been described as ‘extraordinary’ and ‘a jewel in the crown
of Indian forests’ by the WWF. The targets about forests are to achieve 25 % forest
cover by 2007 and 33 per cent by 2012 but this appears to be difficult.

The reasons for gains and losses are varied and many. The inclusion of established
large block plantations in the forest cover, improvement in the density of forest
due to joint forest management and natural regeneration of mangroves have been
instrumental in the increasing of forest area. Negative growths are attributed to
shifting cultivation, encroachment and tree felling.

The forests of India provide the fuel and fodder for rural people, raw material
for industries, a habitat for plants and animals, a sink for CO, emissions, and a
protective cover for soils. The Forest (Conservation) Act, 1980, amended in 1988,
stipulates a massive afforestation programme involving public to establish reserves
and re-vegetate degraded lands through joint forest management. In 1979, large-
scale afforestation programmes began with the establishment of Forest Development
Corporations in the states and launching of Social Forestry Projects. The annual
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Table 11. Statewise forest coverage in India

SN States/Union Territories Forest cover (km?) Tree cover (km?) Total (km?)
1 Andhra Pradesh 44,419 12,120 56,539
2 Arunachal Pradesh 68,019 363 68,382
3 Assam 27,826 935 28,761
4 Bihar 5,558 1,620 7,178
5 Chbhattisgarh 55998 6,723 62,721
6 Goa 2,156 136 2,292
7 Gujarat 14,946 10,586 25,532
8 Haryana 1,517 1,415 2,932
9 Himachal Pradesh 14,353 491 14,844

10 Jammu & Kashmir 21,267 3,826 25,093

11 Jharkhand 22,716 5,012 22,728

12 Karnataka 36,449 5,371 41,820

13 Kerala 15,577 1,903 17,480

14 Madhya Pradesh 76,429 7,250 83,679

15 Maharashtra 46,865 9,320 56,185

16 Manipur 17,219 136 17,355

17 Meghalaya 16,839 352 17,191

18 Mizoram 18,430 130 18,560

19 Nagaland 13,609 217 13,826

20 Orissa 48,366 6,381 54,747

21 Punjab 1,580 1,608 3,188

22 Rajasthan 15,826 8,638 24,464

23 Sikkim 3,262 22 3,284

24 Tamil Nadu 22,643 4,991 27,634

25 Tripura 8,093 116 8,209

26 Uttar Pradesh 14,118 7,715 21,833

27 Uttaranchal 24,465 571 25,036

28 West Bengal 12,343 1,731 14,074

Union Territories

1 Andaman & Nicobar 6,964 33 6,997
2 Chandigarh 15 8 23
3 Dadra & Nagar Haveli 225 35 260
4 Daman & Diu 8 6 14
5 Delhi (NCT) 170 98 268
6 Pondicherry 40 35 75
7 Lakshadweep Islands 23 2 25

Total 678,333 99,896 778,229

Source: www.fsiorg.net

planting rates were about 10, 000 km?* (1980-1985), 17, 800km* (1985-1990) and
about 15, 000km? after 1991 m, M) These steps have definitely helped
India to conserve its forests and put some check on the diversion of forest land to
non-forest uses. But despite such measures, the average growing stock in India is
74m?/ha, much lower than the global average of 110m?/ha.
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Due to fuel wood and timber extraction, livestock grazing, and fires, forests in
India face continues threat of degradation. The projected climate change is likely
to further enhance the stresses on the forest ecosystems and will adversely affect
their ability to provide good and services to the society. However, the good news
is that due to various conservation measures, the forest cover of India has been
increasing steadily over the years. It is noteworthy that this increase is despite
the diversion of about 43,200km” of forestland for non-forest purposes such as
agriculture (26, 200km2), and developmental activities, urbanization, industrial-
ization, and road construction. Between the years 1994 and 2000, a net increase of
42,141 km? in the forest cover has been recorded. An increase of 46, 690km? in
dense forest (> 40% tree canopy cover) is mainly due to the enhancement of many
open forest areas to the dense forest category. World’s Forests Report (1999) had
acknowledged that India was the only developing country in the world where the
forest cover was actually increasing.

Uncontrolled grazing by livestock in forest areas is one of the most important reasons
for forestdegradationin India. Basically, this destroys the seedlings and young recruits.
Estimates show that about 78% of India’s forests are affected by grazing. Continued
illegal felling many times aided by connivance between officers and mafia, extraction
of fuel-wood and non-timber products, invasion by weeds, and forest fires (some of
which may not be natural) are the other factors responsible for degradation of forests.
Anotherreason for the degradation of forests is shifting cultivation or jrumming (slash,
burn, cultivate and abandon) which is mostly practiced in the northeastern states.
According to various estimates, the North-East region accounts for a major share of the
2.75 million hectares of land in India that is under jhumming. Half a million families
are already dependent on it and the pressure on land and ecology will increase manifold
in the coming years. Fire has affected about 53% of forests in India, out of which 9%
are frequent incidences of fires.

1.7.1. Classification of Forests

For administrative purpose, the forest area of India has been classified as Reserve
Forests, Protected Forests, and Unclassified Forests. According to the latest
assessment for 2001 the area under reserve forest accounts for about 42 M-ha. Some
experts have divided the variety of Indian forests into 16 major types.

The forests of India may be divided into major vegetation regions as described
in the following.

(i) Tropical Rain Forests

Being a warm and wet region throughout the year, trees available in the forests
of this region do not have a distinct season of shedding leaves. These forests are
known as evergreen forests and are found in the areas where rainfall in the dry
season is more than 200 centimetres. Hence, these forests are also known as typical
rain-forests and are found in the rainy slopes of the Western Ghats, Plains of West
Bengal and Orissa and North Eastern India. Trees grow very vigorously in these
areas and the height of the trees can be up to 60 meters and above. The number
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of species is too large and too mixed to exploit each one of them commercially.
Some of the useful commercial trees found in these forests are Ebony, Mahogany
and Rosewood.

(ii) Tropical Deciduous Forests

Because of the formation of natural cover almost all over India, especially in the
regions having rainfall between 75-200 centimetres, these forests are monsoon
forests par excellence. Economically these forests are of great importance. These
are called deciduous because they shed leaves for about 6-8 weeks in summer.
Being less fire resistant, these forests require a lot of care. Tropical deciduous
forests may be divided into two groups: (i) moist and (ii) dry deciduous.

(a) Moist Deciduous Forests. Moist Deciduous Forests are found on the eastern
slopes of the Western Ghats. Teak is an important species found in this region. This
type of forests is also found in the north-eastern part of the peninsula, i.e., around
Chhotanagpur plateau covering east Madhya Pradesh, Chattisgarh, West Orissa and
South Bihar. These forests are common along the Shiwalik hills in north India.

(b) Dry Deciduous Forests. Dry Deciduous Forests Sal is the most important tree
found in dry deciduous forests. It has been noticed that the dry deciduous forests
are replacing the moist deciduous forests.

(iii) The Thorn and Scrub Forests

These forests are found in the areas where rainfall is under 75 centimetres. These
forests are found in the north-western part of the country, from Saurashtra in the
west to Punjab in the north. In the eastern part of the country, these forests are also
found in Malwa Plateau of northern Madhya Pradesh and Bundelkhand Plateau of
South west Uttar Pradesh. Some of the useful trees found in this type of forests are
Kikar, Babul, Khair and Date Palms. These forests gradually fade away into scrubs
and thorny bushes, which constitute typical desert vegetation.

(iv) Tidal Forests
The tidal forests are generally found along the coasts and the rivers. The noteworthy
characteristic of tidal forests is that they can survive in both fresh and salty water.
Mangrove trees cover large areas of tidal forests. Sundari is a well-known tidal
tree. The Sundarban forests in Ganga-Brahmaputra delta have got this name due to
dominance of Sundari tree.

On the basis of topography and climate, the forests of India have been broadly
classified into the following categories:
Tropical forests;
e Montane sub-tropical forests;
e Montane temperate forests;
[ ]
[ ]

Sub-alpine forests; and
Alpine forests.
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The dominant forest types are the tropical dry deciduous forest (38%) and tropical
moist deciduous forest (32%). The other important forest types are tropical
evergreen, tropical thorn, sub-tropical pine and alpine forest.

Following a different classification, the forest cover can be divided into three
types, namely: dense forest, open forest and mangroves. There are 4.73 M-ha of
scrubland in addition to the reported forest cover.

Dense forest

If the canopy density is 40 per cent and above, the forests are termed as dense
forest.

Open forest

If the canopy density is between 10-40 per cent, the forests are termed as Open
forest.

Indian Mangroves

Mangroves are salt-tolerant forest ecosystems found mainly in the tropical and sub-
tropical inter-tidal regions in estuaries and coasts. They are reservoirs of a large
number of plant and animal species. Mangroves exhibit remarkable capacity for
salt tolerance, stabilize the shoreline, and act as a barrier against encroachments by
the sea.

India is home to some of the best mangroves in the world and these occur all along
the Indian coastline in sheltered estuary, tidal creeks, backwaters, salt marshes and
mud flats covering a total area of 4,827 sq km. Mangroves are mainly distributed
along the east coast of the country and to a lesser extent, along the west coast. The
Sunderbans, covering an area of about 10,000 km? along the Ganges-Brahmaputra
delta, constitute the largest mangrove wetland in the world. The Mahanadi mangrove
in Orissa, the Godavari and Krishna mangroves in Andhra Pradesh, the Pichavaram
and Muthupet mangroves in the Cauvery delta of Tamil Nadu, the mangroves in
the Gulf of Kutchh in Gujarat, and those in the Andaman and Nicobar islands are
the other important mangroves in India.

For conservation and management of mangroves, 15 mangroves have been
identified for intensive conservation and management. These are: Northern
Andaman and Nicobar, Sunderbans (West Bengal), Bhitarkanika (Orissa), Coringa,
Godavari Delta and Krishna Estuary (Andhra Pradesh), Mahanadi Delta (Orissa),
Pitchavaram and Point Calimer (Tamil Nadu), Goa, Gulf of Kutch (Gujarat),
Coondapur (Karnataka), Achra/ Ratnagiri (Maharashtra) and Vembanad (Kerala).

Unfortunately, the mangroves of the country except those of the Andaman and
Nicobar, are considerably degraded and shrunk in area. Shrinkage of the mangrove
areas have been due to large development of agriculture in the deltas of the
major rivers, the reclamation of the coastal wetlands for human settlement and the
exploitation of mangroves for products such as fuel. The mangrove cover of the
country has been estimated to have reduced by 35 percent during 1985 to 1995.

Mangroves are also under threat due to climate change related phenomenon such
as sea-level rise, storm surges, and precipitation and temperature changes. Sea-level
rise would submerge additional mangrove areas. Natural disasters such as tsunami
waves of 2004 also cause damages to mangroves.
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Coral reefs are shallow-water tropical marine ecosystems. These are characterized
by high biomass production and rich diversity of flora and fauna. Four coral areas
have been identified for conservation and management. These are: Gulf of Mannar,
Andaman and Nicobar Islands, Lakshadweep Islands, and Gulf of Kuchch.

1.7.2. Additional Zones of Vegetation in Mountainous Region

(i) The Eastern Himalayan Region

This region includes hills in upper Assam, Sikkim, Bhutan and Nepal. Rainfall is
heavy in the outer ranges and there are thick forests of Sal trees. This area is famous
as a tea-growing area. Tea lovers all over the world consider Darjeeling tea to be
the best tea in the world. Cultivation of rice is done in some places. Forests are the
main source of wealth in this sub-region.

(ii) The Western and Kumaon Himalayan Region

This region includes Kumaon, Garhwal, Himachal Pradesh and Jammu and Kashmir.
As compared with the eastern Himalayas, the climate here is dry. Northern parts
receive more of winter rainfall and the climate is almost of the Mediterranean type.
Horticulture occupies a prominent place in the agricultural economy of this region,
the major produce being apples, cherries, apricots, peaches, pears, and plums.
Apples from Kashmir and Himachal Pradesh are exported to many countries. Other
cultivated crops are potato, wheat, maize and rice. Thick forests of Deodar and Pine
are found in this region. This area also houses the famous ‘valley of flowers’.

1.7.3. Indian Forestry Policy

India is one of the few countries which have a forest policy since 1894. The

main plank of the revised Forestry Policy of 1988 is protection, conservation and

development of forest. Its aims are:

® maintenance of environmental stability through preservation and restoration of
ecological balance;

e conservation of natural heritage;

e check soil erosion and denudation in catchments area of rivers, lakes and reser-

VOIrs;

e check extension of sand dunes in desert areas and along coastal tracts;

® increase in forest tree cover through afforestation and social forestry programmes;

e take steps to meet requirements of fuel wood, fodder, minor forest produce and
soil timber of rural and tribal populations; and

® increase in productivity of forest to meet the national needs.

Under the Forest (Conservation) Act, 1980, prior approval of the central government

is necessary to divert forest lands for non-forest purposes.

Participatory Forest Management is an effective means of regenerating degraded
forests and it has found widespread use in India. This approach promotes active
participation and involvement of the people in forest conservation and development,
including the development of micro-level plans and their implementation. In 1990, the
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guidelines were issued highlighting the need and the procedure for the involvement
of village communities and voluntary agencies in the protection and development of
degraded forests. Majority of the States have created mechanisms for public partici-
pation in the management of degraded forests. Approximately 10 M ha of forest area
is being maintained through Village Forest Protection Committees.

1.7.4. Importance of Forests in India

Some of the major life-support systems of economic and environmental importance
of forests are as follows:

(i) Biodiversity

A wide variety of flora and fauna consisting of more than 5,150 species of plants,
16,214 species of insects, 44 mammals, 42 birds, 164 reptiles, 121 amphibians and
435 fish, is found in the Indian forests m M) However, many plant and
animal species are under various degrees of threat recently due to heavy pressures
on natural resources. To conserve biodiversity of the country, about 14.8 M-ha area
of forests comprising 80 National Parks and 441 Wildlife Sanctuaries have been
converted into protected area.

(ii) Biomass supply

The forests meet nearly 40% of the energy needs and 30% of the fodder needs of
India. Many tribals of India live in close proximity of forests and largely depend
on them for their fuel requirement. It is estimated that approximately 270 Mt of
fuelwood, 280 Mt of fodder, over 12 million m® of timber, and several non-timber
forest products (such as fruits, nuts, edible flowers, medicinal herbs, rattan and
bamboo, honey and gum) are annually harvested from forests.

(iii) Livelihoods to forest dependent communities

About 15,000 plant species are found in India; about 20% of these species yield non-
timber products. Millions of forest dwellers and agricultural communities depend
on forests for a range of non-timber forest products. Moreover, all forest related
activities are labour intensive and lead to rural employment generation.

(iv) Gross Domestic Product
The forest sector provides a range of goods and services whose value is pegged at
Rs. 26,000 crores annually. Nearly half of it is from fuelwood.

Concerns have been raised about the impact of deforestation in Himalayas on
floods in the Ganga basin. Results of some studies have sown that the deforestation
of the Himalayas is not likely to have a significant effect on the extent of the floods
in the plains and the delta below.

1.8. AGRICULTURE

Traditionally, India is as agriculture based country. The agriculture sector has a
vital place in the economic development of India as it contributes 23% of GDP
and employs about 64% of the workforce. Of course, in the recent times, the share



42 Chapter 1

of agriculture in the GDP has been continuously declining and it is expected that
this trend will continue in near future. Even then, agriculture will have important
bearings on India’s economy, as it helps to feed a growing population, employs a
large labour force, and provides raw material to agro-based industries. India is one
of the few developing countries that has the potential to produce crops in almost
all land class types namely: dry, semidry, moist, and (sub)humid.

In the 1960s, remarkable improvement in grain yield was realized through the
‘green revolution’ and later with improved agricultural practices and inputs. These
practices include improved mechanized farming, increased net area under irrigation
(31 M-ha in 1970-1971; 53 M-ha in 1994-1995; and 57 M-ha in 1998-1999) and
net sown area (119 M-ha in 1950-1951 that has increased and is almost stabilized at
143 M-ha over the past decade). Fertilizer consumption, which was 2.6 Mt in 1970—
1971, grew to 16.6 Mt in 2000-2001. Food grain production grew at an annual rate
of 3% from 1984-85 to 1994-95 and since the 1950s, India’s food grain production
has increased by four times. [Randhawd (@) has compiled an exhaustive history
of agriculture in India.

Three cropping systems are followed in India depending upon rainfall and other
climatic conditions. At places where rainfall is in the range 375 to 625 mm, mono-
cropping or single crop is grown. Where rainfall is in the range 650 to 750 mm,
farmers go for intercropping. When the annual rainfall is 750 mm or more, two or
more crops are harvested.

1.8.1. Agriculture Seasons in India

India has mainly two agricultural seasons, namely, the Kharif and the Rabi and the
crops grown in these seasons are known as Kharif and Rabi crops, respectively.
(i) The Kharif Season

This season begins with the arrival of monsoon in June or in early July. The
crops are sown in June-July and harvested in September-October. The Kharif crops
include rice, millets, maize, groundnuts, jute and cotton. Pulses are also grown
during this season.

(ii) The Rabi Season

This season follows Kharif. Crops are sown in November and are harvested in
April-May. The Rabi season production largely depends upon subsoil moisture. The
major crops are wheat, gram, oil seeds like mustard and rapeseed.

Besides these two main seasons, farmers in irrigated areas are able to reap a
third harvest during May to July. This season is known as hot weather or Jayad.
Moong and Urad are popular crops of this season. Watermelon and Cucumber are
also grown in this season.

In addition to food crops, India also produces a large number of non-food or
cash crops like, Sugarcane, Tea, Coffee, Cotton, Tobacco, Rubber, and Spices, etc.
Sugarcane is a perennial crop that occupies land year around. Table [[2] gives the
crop area of major crops for 1993-94 and percentage share of the various crops.

In India, wet agriculture is practiced in areas of high rainfall or irrigated areas.
With sufficient availability of moisture and suitable soil, farmers may be able to
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Table 12. All India Cropping Pattern for 1993-94

Crop Area (1000 Hectares) Percentage share to gross cropped
area
Rice 42,624 22.90
Wheat 25,135 13.50
Jowar 12,768 6.80
Maize 6,079 3.30
Bajra 9,899 5.30
Rabi 2,045 1.10
Barley 809 0.40
Other Cereals 1,943 1.10
Coarse Cereals 33,543 18.00
Total Cereals 101,302 54.40
Gram 6,265 3.40
Tur 3,469 1.80
Other Pulses 13,643 7.30
Total Pulses 23,377 12.50
Total Foodgrains 124,679 66.90
Sugarcane 3,851 2.10
Condiments and Species 2,876 1.50
Total Fruits 2,908 1.60
Vegetables 4,266 2.30
Oilseeds 28,260 15.20
Fibers 8,479 4.50
Tobacco 430 0.20
Other Crops 10,671 5.70
Gross Cropped Area 186,420 100.00

reap three crops. Dryland agriculture refers to those areas where rainfall is low
and irrigation inadequate. In these areas, conservation of moisture is important and
crops grown include Jowar, Bajra, and pulses which need less moisture.

India is famous all over the world for high quality tea, such as the Darjeeling tea.
Tea plants thrive in hot and humid climate. Tea is mainly grown in West Bengal,
Assam, Tamil Nadu, and Kerala. The crop requires 150 to 300 cm of annual rainfall
and 20-30° C temperature. Coffee is a related crop that also requires similar climatic
conditions albeit lesser rainfall. It is grown mainly in Karnataka, Kerala, and Tamil
Nadu and large production of the crop has made India a leading coffee exporter.
Table [[3] shows the production of the principal crops according to 1991-92.

1.8.2. Agro-Climatic Zones

India presents a large number of complex agro-climatic situations. The Planning
Commission after examining the earlier studies at the regionalization of the agricul-
tural economy has recommended that agricultural planning be done on the basis
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Table 13. The production of the principal crops according to 1991-92

Crops Production in
lakh ton
Bajra 46.44
Cotton 98.36
Jowar 83.57
Jute 88.51
Maize 70.83
Oil Seeds 182.77
Pulses 120.51
Rice 736.64
Sugarcane 2492.56
Wheat 550.87

of agro-climatic regions. For resource development, the country has been broadly
divided into fifteen agricultural regions based on agro-climatic features, particu-
larly soil type, climate including temperature and rainfall and its variation and
water resources availability. This classification forms the basis for agricultural

). This zone based planning aims at the scientific management of
regional resources without adversely affecting the natural resources and the
environment.

Another agro-climatic classification divides the country in 20 zones as described
in Table These zones are shown in Figure [0

Table 14. Agro-climatic Classification of India

SN Name of the Area covers Rainfall in the Soil type in the Main crop in
agro-climatic under the zone zone the zone
zone agro-climatic

zone

1 Northern most Jammu & 50-75 cm Podsolic type Maize & Paddy
zone Kashmir

2 Eastern Areas of About 250 cm Alluvial and Paddy
Himalayan Eastern deep black soils
zone Himalayas

3 Western Hilly region of Much diversity Brown hilly Paddy
Himalayan Western from Eastern and alluvial soil
zone Himalayas Himalayan zone

(Outside
Ladakh) and its
foothills

4 Lower Assam Tripura, About 250 cm - Paddy
hills Mizoram,

Manipur
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10

12

14

15

Sutlej
Yamuna
alluvial plains

The arid west
zone

The Central
semi-arid zone

Lower Ganga
basin

Eastern Ganga
and Mahanadi
basin

Gujarat &
neigh-
bourhood

The northern
and central
Western Ghats
Central
highlands

Godavari
basin

Lower
Western Ghats

Semi-arid
Tamil Nadu
tract

Haryana,
Punjab,
adjoining areas
of Jammu &
Kashmir &
Uttar Pradesh
Areas of Thar
desert, Western
Rajasthan and
adjoining areas
Eastern
Rajasthan, West
Madhya
Pradesh and
adjoining areas
of Uttar
Pradesh and
Gujarat

Ganga basin in
Uttar Pradesh,
hills & plain of
east Madhya
Pradesh
Gangetic plains
in Buhar and
West Bengal,
The Bhihar
plateau and
Mahanadi Basin
Parts of Gujarat
& Maharashtra

Coastal areas of
Maharashtra &
Karnataka
Leeward side of
Western Ghats

Andhra Pradesh

Kerala,
adjoining hills
of Tamil Nadu
and Karnataka
Areas of Tamil
Nadu

Low rainfall
zone

Low rainfall
(20-30cm
annually)

Over 75 cm

100-150 cm

Moderate
rainfall

Low rainfall
(50-70 cms)

Heavy rainfall
Drought prone
area

High rainfall

High rainfall

High rainfall

Alluvial and
calcarious soil

Sandy soil

Medium black
to red-black soil

Medium black
to red-black soil

Rich alluvial
intercepted by
red, yellow and
laterite soils

Sandy loam to
loamy soil

Acidic soil
(pH <3)

Medium black
in north and red
sandy in south
Sandy coastal
alluvial to red
soil

Red sandy to
deltaic alluvial
soils
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Paddy, Cotton

Jowar, Bajra

Sorghum,
Jowar, Maize

Paddy

Paddy & Jute

Groundnut,
jowar, bajra &
cotton

Paddy

Jowar, Cotton,
Ground nut,

Paddy,
groundnut,
jowar
Topioca and
Paddy

Jowar,
groundnut

Source: (1993
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Table 15. Agro-climatic zones of India

Zone Name Area (km?) Annual average
No. precipitation (mm)
1 Western Himalayas 142,844 638
2 Western Plain 338,612 612
3 Karnataka Plateau 47,968 1,018
4 Northern Plain and Central 327,968 946
Highland
5 Central Highlands, Gujarat Plain 181,696 924
6 Deccan Plateau 314,404 1,080
7 Deccan Plateau and Eastern Ghats 166,908 918
8 Eastern Ghats and Tamil Nadu 186,400 1,163
uplands
9 Northern Plain 116,412 1,189
10 Central Highland 237,672 1,258
11 Moderately to Gently sloping 148,968 1,346
12 Eastern Plateau and Eastern Ghats 280,968 1,355
13 Eastern plain 114,176 1,359
14 Western Himalayas 190,016 1,083
15 Assam and Bengal Plain 123,020 2,248
16 Eastern Himalayas 100,372 2,546
17 North Eastern Hills 104,620 2,914
18 Eastern Central Plain 64,292 1,148
19 Western Ghats and Coastal Plains 122,960 1,763
20 Islands of Andaman Nicobar 8,281 2,964 and 1,496

and Laksha Dweep groups

Agriculture scenario in India

Due to the Green Revolution, food grain production in India has dramatically
increased from 50 Mt in 1951 to 212 Mt in 2002. Also, the mean cereal productivity
has increased from 500 kg/ha to almost 1800 kg/ha. Between 1950 and 2000, annual
cereal production per capita rose from 121.5kg to 191.0kg. These increases in
productivity have been largely due to area expansion, large-scale cultivation of new
high yielding semi-dwarf varieties, increased application of irrigation, fertilizers
and biocides, and support by government policies. But even with this rise, there is
much scope for increase in land productivity.

Presently, India has 190 M-ha gross sown area, 142 M-ha net sown area, and
40% of the area is being irrigated. Similar revolutions have also been found in the
production of milk (operation flood), fish, eggs, sugar, and a few other crops. Conse-
quently, India is now the largest producer of milk, fruits, cashew nuts, coconuts and
tea, the second largest producer of wheat, vegetables, sugar and fish, and the third
largest producer of rice in the world. As a consequence, the per capita availability
of food grains has risen in the country from 350g in 1951, to about 500 g per
day, availability of milk from less than 125 g to 210 g per day; all this despite the
increase in population from 350 million to 1.04 billion. This growth in agricultural
production has also led to comfortable position of surplus food stocks with the
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Figure 10. Agro Ecological Region of India

government. Of course, it is a serious concern that some sections of population
remain malnourished. Due to the availability of buffer stocks, the nation could
manage the severe droughts of 1987, 1999-2000, and 2002-2003 without large
import of food and did not face problems of food security.

It is to be noted that the benefits of the green revolution in India were
largely confined to the irrigated areas. Despite laudable progress in irrigation and
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agriculture, food production is still considerably dependent on monsoon rainfall —
both amount and distribution. Around 15 major droughts have occurred in the country
in the past 50 years and have adversely affected the productivity of rainfed crops.

Food security of India may again be put at risk in future due to rapid growth of
population. India’s population is likely to be around 1.6 billion by the end of 2050.
Table[[fgives projections of demand of various food items for the year 2010 and 2020.
Naturally, a greater demand for food is forecasted. Assuming medium income growth,
the demand for rice and wheat, the predominant staple foods, is likely to increase to
122 and 103 Mt, respectively, by 2020. This will be accompanied by a sharp increase
in the demand for pulses, fruits, vegetables, milk, meat, eggs and marine products.

1.8.3. Agriculture Strategies, Policies and Plans

The national strategy on sustainable agriculture and rural development (SARD)
essentially aims at food security and alleviation of hunger. A regionally differen-
tiated strategy, based on agro climatic regional planning which takes into account
agronomic, climatic and environmental conditions, is necessary to realize the
potential of growth in every region of the country. The guiding principle should be
ecological, sustainable use of basic resources such as land, water, and vegetation.
For the Ninth Five Year Plan (1997-2002), an agricultural growth rate of 4.5% per
annum is expected. Allied sectors such as horticulture including fruit and vegetables,
fisheries, livestock, and dairy have registered greater growth. At the macro level, the
agriculture development strategy is differentiated by broad regional characteristics
of an agro-economic character. The northwestern high productive regions grow
diversification and high value crops. The Eastern region, with abundant water has to
show improvement of irrigation facilities and increase productivity. The peninsular
region needs to focus on efficient water harvesting and conservation methods and
technologies based on a watershed approach and appropriate farming systems.

Table 16. Food Demand assuming a 5% GDP growth at constant prices

Items Production (Mt) Demand (Mt)
1999-2000 2010 2020
Rice 85.4 103.6 122.1
Wheat 71.0 85.8 102.8
Coarse grains 29.9 34.9 40.9
Total cereals 184.7 224.3 265.8
Pulses 16.1 21.4 27.8
Fruits 41.1 56.3 77.0
Vegetables 84.5 112.7 149.7
Milk 75.3 103.7 142.7
Meat and eggs 3.7 54 7.8

Source: m M)
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A multi-prong approach is being employed to address problems of land
degradation:
e Prevention of soil loss from the catchments,
Integrated approach to catchment treatment,
Land use to match land capability,
Reduction of run-off from the catchments to reduce peak flow into the river
system,
e Execution of watershed development programme,
e Generation of data on land suitability, soil and capability for regulating land use,
e (Capacity building in soil and water conservation.
Being predominantly an agricultural country, agriculture is the backbone of the
economy of India. About 70% of the Indian population is engaged in agriculture.
Agriculture provides food as well as raw materials for industries. Several agricultural
products like tea, coffee, cotton, oilseeds etc. are exported to other countries.
National information on sustainable agriculture is disseminated to decision-makers,
advisory organizations and farmers via the Internet: http.//goidirectory.nic.in/.

1.9. FLORA OF INDIA

Plants of a particular region, which have several species, are referred to as flora.
About 49,000 species of plants have already been found in India, which represents
the widest range for any country of the world. Out of 49,000 species of flora, about
5,000 species are found exclusively in India including flowering and non-flowering
plants. The assemblage of plant species living in association with each other in
a given environmental framework is known as vegetation. Climatic conditions,
natural vegetation, and soil are closely interrelated with each other. The original
vegetative cover of India consisted of forest, grassland and scrubs.

Surveys of the floral and faunal resources in the country are carried out by
the Botanical Survey of India and the Zoological Survey of India. The National
Institute of Oceanography and other specialized institutions and universities further
strengthen the taxonomic database. The diversity of the country’s biological
resources is yet to be fully surveyed. Approximately 65% of the total geographical
area has been surveyed to date. Based on this, over 47,000 species of plants and
81,000 species of animals have been recorded. The biological diversity of the
country is so rich that it may play a very important and crucial role in the future
survival of mankind if it is conserved and used with the utmost care. Today, two
hot spots in biological diversity have been identified in the country, namely, the
Eastern Himalayan region and the Western Ghats.

1.10. FAUNA OF INDIA

Fauna refers to species of animals. With an extreme wide variety of flora, fauna
in India are equally rich and varied. About 81,000 species of fauna are found in
India. In the fresh and marine water of the country, about 2,500 species of fish are
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available. Likewise, more than 1,200 species of birds are also found in the country.
In addition, there are reptiles, amphibians, mammals, and small insects and worms.

A wide variety of mammals, e.g., Elephant, Lion, Tiger, Camel, Wild assess,
Nilgai, Gazal, Deer, etc., are found in the country. Elephant is found in the jungles
of Assam, Uttaranchal, Kerala, and Karnataka. Camels and wild asses are found
in extremely hot and arid deserts. Among the animals of prey, the Indian lion
distinguishes itself as the only species found anywhere in the world. Its natural
habitat is the Gir forests of Saurashtra in Gujarat. Lion is considered to be the
most majestic animal in Indian jungles and is known as the king of forests. In
addition, tiger is one of the most powerful species in Indian jungles. Tiger has
been designated as the national animal of India. The famous Bengal tiger (which
is also the mascot of the Louisiana State University, USA) is found in the tidal
forests in the Sundarbans. The other important animals belonging to the cat family
are leopards, clouded leopards, and snow leopards. The snow leopard is found in
the upper reaches of the Himalayas along with Lesser Panda. Several species of
interesting animals, including wild sheep, mountain goats, shrew etc., are found in
the Himalayan ranges. India has several species of monkeys. Langoor is the most
common amongst them. Red-faced monkeys roam around in populated areas of
north India.

There are more than 1,200 species of birds found in the country. These include
peacock, pheasants, geese, ducks, munahs, parakeets, pigeons, crane, hornbills and
sunbirds, and Indian cuckoo. Peacock is the national bird of India.

1.10.1. Biodiversity

Establishment of a Protected Areas Network, under the Wildlife (Protection) Act,
1972, comprising of Biosphere Reserves, National Parks and Sanctuaries, both
terrestrial and aquatic, has been a positive step towards conservation of animal
genetic resources. This Network today comprises of 10 Biosphere Reserves, 89
National Parks, 504 Sanctuaries, along with dedicated conservation programmes
such as Project Tiger, Crocodile Rehabilitation and project Elephant.

Eight biodiversity rich areas of the country have been designated as Biosphere
Reserves applying the United Nations Educational, Scientific and Cultural Organi-
zation’s Man and the Biosphere (UNESCO MAB) criteria. India is one of the 12
mega biodiversity centres in the world. The country is divided into 10 biogeographic
regions: Trans-Himalayan, Himalayan, Indian Desert, Semi-Arid, Western Ghats,
Deccan Peninsula, Gangetic Plains, North-East India, Islands, and Coasts.

Biosphere reserves

Biosphere reserves are multi-purpose protected areas to preserve the genetic
diversity in representative eco-systems. The major objectives of biosphere reserves
are: (i) to conserve diversity and integrity of plants, animals and micro-organisms;
(ii) to promote research on ecological conservation and other environmental aspects.



Physical Environment of India 51

Approximately 5.3% of the total geographical area of country has been earmarked
for extensive in situ conservation of habitats and eco-systems through a protection
area network of 80 National Parks and 44 Wildlife Sanctuaries. The Central and
State Governments together run and manage 33 Botanical Gardens. In addition,
universities have their own Botanical Gardens.

Special efforts are being made in India to preserve the wild life of birds and
animals. To preserve tigers, project tiger has been implemented which has been a
great success. Steps have also been taken for the protection of biological diversity
of our land. Under this scheme so far eleven biosphere reserves have been set up
namely: (i) Nilgiri biosphere reserve in Karnataka; (ii) Nanda Devi biosphere reserve
in Uttar Pradesh; (iii) Nokrek biosphere reserve in Meghalaya; (iv) Great Nicobar
in Tamil Nadu; (v) Gulf of Mannar in Tamil Nadu; (vi) Manas biosphere reserve
in Assam; (vii) Sunderbans biosphere reserve in West Bengal; (viii) Similipal
biosphere reserve in Orissa; (ix) Dibru Saikhowa; (x) Dehong Deband and (xi)
Pachmarhi. In these biosphere reserves, plant and animal species are being protected
so that this natural heritage can be transmitted to future generation in all its natural
vigour and glory. Today in the country there are 84 national parks and 447 wild life
sanctuaries covering an area of 150,000 sq. km. Some important wildlife sanctuaries
are Jim Corbett National Park, Kaziranga National Park in Assam, Rajaji national
park, Manas, Bandipur, and Sariska. Some important bird sanctuaries are Bharatpur
Bird Sanctuary, Sultanpur, and Vedanthangal. Well known biosphere reserves are
at Nanda Devi, Nilgiri, Rann of Kutch, and Valley of Flowers.

1.11. WETLANDS

The natural resources of a country constitute its greatest wealth and India is fortunate
in this respect. Its rich flora and fauna have made the World Bank declare India
as one of the twelve ‘megadiversity’ countries of the world. Many people consider
wetlands as waste areas and hence destroy or use them for other development
activities. Obviously, this is a short-sighted view.

Wetlands are areas of land where the water level remains near or above the
surface of the ground for most of the year. The wetlands cover about 6 per cent
of the earth’s land surface. There are several kinds of wetlands, such as marshes,
swamps, lagoons, bogs, fens, and mangroves. They are home to some of the richest
and most diverse and fragile of natural resources. As they support a variety of plant
and animal life, biologically they are one of the most productive systems in the
world. Figure [T shows a view of Loktak Lake, Manipur, India.

The richness and usefulness of the wetlands was first brought to the notice of
the world by a convention on wetlands held in 1971 in Ramsar, an Iranian city
situated on the shores of the Caspian Sea. The Ramsar Convention on Wetlands is
an inter-governmental treaty with 135 contracting parties. To mark the date of the
signing of the convention on wetlands, 2nd February of each year is observed as
World Wetlands Day (WWD). There are 1,235 wetland sites totaling 106.6 million
hectares, designated for inclusion in the Ramsar List of Wetlands of International
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Figure 11. Loktak Lake, Manipur, India

Importance. India too is a signatory to the Ramsar Convention. As a part of conser-
vation strategy a data book called Montreaux Record is kept of all those wetlands
which require international help for conservation.

Wetlands perform many useful functions. They help check floods, prevent coastal
erosion and mitigate the effects of natural disasters, such as cyclones and tidal
waves. They also store water for long periods. Many wading birds and water fowl
like ergets, herons and ibises nest in wetlands. These areas also provide food and
shelter for mammals, such as mink, otters and swamp antelopes like sitatunga. They
also act as natural filters and help remove a whole range of pollutants from water,
such as viruses from sewage works or heavy metals from industrial plants. In short,
the terrestrial, marine and atmospheric ecosystems interact in complex, dynamic
and often unknown ways.

The natural wetland ecosystems of India can be classified in three main groups:
a) marine ecosystems, e.g., coral reefs, b) coastal ecosystems, e.g., mangroves,
and c) inland freshwater ecosystems, e.g., rivers, lakes and marshes. A wetland
inventory of India was prepared by the Space Application Centre (SAC) for the
years 1991-1992 using satellite imageries. Total 27,403 wetlands occupying an
area of 75, 819km? have been listed in this inventory. Of these, 53% wetlands fall
under the category of coastal wetlands and the rest are inland wetlands.

1.11.1. Indian Wetlands

Wetlands are widely regarded as natural filters. In India a total area of 40,494 sq. km
is classified as wetlands. This includes 14.05 sq. km natural wetlands and balance
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is man-made. Thus wetlands area consists only 1.21 per cent of the total land
surface. Most of the wetlands in India are directly or indirectly linked with
major river systems. Nearly 28% of the area of 93 wetlands is under total
protection.

India has a wealth of wetland eco-systems distributed in different geographical
regions, for example, cold arid zone of Ladakh in the North, the wet humid climate
of Imphal in the East, the warm arid zone of Rajasthan, and the wet and humid zone
of Southern Peninsula. About 20 wetlands have been identified for conservation
and management.

A directory on wetlands in India has been published which gives information
on location, area and ecological categorization of wetlands in different parts of
the country. India is a signatory to the Convention on Wetlands of international
importance, especially as Waterfow]l Habitat (Ramsar Convention) and six Indian
Wetlands, viz., Keoladeo National Park, Bharatpur and Sambar (Rajasthan), Chilka
(Orissa), Loktak (Manipur), Wullar (Jammu & Kashmir), and Harike (Punjab) have
been designated under this Convention.

The Ministry of Environment and Forests is the nodal agency for the conser-
vation, regeneration and protection of natural resources. Wetlands, which have
an important role in the environmental development programmes, did not receive
enough attention until recently. Efforts to conserve wetlands in India began in 1987
and the main focus of efforts is on biological methods of conservation rather than
adopting engineering options. A national wetland mapping project has also been
initiated for an integrated approach on conservation.

Recently, eleven wetlands in India have been categorized for seeking interna-
tional assistance to save them from distress (M, M). These include Point
Calimere in Tamil Nadu, Astamudi, Sasthamkolta Lake and Vembanad wetlands
in Kerala, Kolleru Lake in Andhra Pradesh, Bhitrakanika mangroves in Orissa,
Pong Dam Lake in Himachal Pradesh, East Calcutta wetlands in West Bengal, Bhoj
wetlands in Madhya Pradesh, Tsomoriri in Jammu and Kashmir, and Deepor Beel
fresh water Lake in Assam.

Due to its importance in the socio-economic and cultural life, Loktak Lake
(surface area = 26sq.km) is considered to be the lifeline of Manipur. This lake
is the largest natural freshwater lake in north-eastern part of India. The southern
portion of Loktak Lake forms the Keibul Lamjao National Park, which is the only
floating wildlife sanctuary of the world. This park is a mass of floating islands,
locally called phumdis, and is the habitat of endangered mammal, the brow-antlered
deer (cervas eldi eldi) locally known as Sangai. The Loktak Development Authority
has been created to restore and develop resources of this lake.

Chilika is the largest brackish water lagoon that sprawls along the east coast of India
in the Mahanadi delta. Its water-spread area varies between 906 and 1,105 sq. km.
Identified as one of the hotspots of biodiversity of India, it is the largest wintering
ground for migratory water fowl in the country. The Chilika Development Authority
was created to conserve and restore the Chilika lagoon eco-system with its rich
biodiversity and aquatic resources for the benefit of all stakeholders.
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Ramsar wetlands in India

Significance of wetlands was globally recognized as exclusive habitats for waterfowl
at a convention held at Ramsar in February, 1971. With Increase in understanding
it is now considered that wetlands have considerable contribution towards national
economies by providing fish and wildlife habitats, water quality improvement, flood
protection, natural products, hydrological control, recreation and aesthetics, etc.
Ramsar Convention is one of the most important international treaties for conser-
vation of nature and natural resources. It has identified a list of specific parameters

@ Mangrove
B Coral reefs :
e wetland sites .
B Ramsar sites

Figure 12. Figure showing important wetlands of India
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& based on these parameters a list of wetlands of international importance is being
maintained. These wetlands meet at least one of the criteria points of this Ramsar
Convention. The location of the important wetlands is shown in Figure The
area of each wetland is presented in Table [[7]

1.11.2. Inland or Freshwater Wetlands

This category includes natural lakes, swamps, marshes, man-made reservoirs, and
tanks etc. In the inventory prepared by the Space Application Centre (SAC), the
number of relevant natural inland wetlands is 14,657; the total wetland area of India
is 7.58 M-ha. Of this 5.3 M-ha is covered by natural wetlands whereas 2.26 M-ha
is occupied by man-made wetlands m M) Some of the man-made
wetlands such as the one at Bharatpur in Rajasthan are exceptionally rich in
bird species. However, many inland wetlands of India have been reclaimed for
urban settlement, agriculture, construction of roads, and have severely degraded
by pollution from a variety of sources. According to the studies made by the
Wildlife Institute of India, 70-80 percent of freshwater marshes and lakes in the
Gangetic floodplains have been lost over the past five decades mostly due to
reasons stated previously. Table summarizes the number and areas of inland
wetlands.

Table 17. Ramsar Wetlands in India

S.N. Name of Wetland State Area (ha)
1 Ashtamudi Wetland Kerala 61,400
2 Bhitarkanika Mangroves Orissa 65, 000
3 Bhoj Wetland Madhya Pradesh 3,201
4 Chilika Lake Orissa 116, 500
5 Deepor Beel Assam 4,000
6 East Calcutta Wetlands West Bengal 12, 500
7 Harike Lake Punjab 4,100
8 Kanjli Punjab 183
9 Keoladeo National Park Rajasthan 2,873
10 Kolleru Lake Andhra Pradesh 90, 100
11 Loktak Lake Manipur 26, 600
12 Point Calimere Wildlife and Bird Tamil Nadu 38, 500
13 Pong Dam Lake Himachal Pradesh 15, 662
14 Ropar Punjab 1,365
15 Sambhar Lake Rajasthan 24, 000
16 Sasthamkotta Lake Kerala 373
17 Tsomoriri Jammu & Kashmir 12, 000
18 Vembanad-Kol Wetland Kerala 151, 250
19 Waular Lake Jammu & Kashmir 18, 900

Source: http://www.water-mgmt.com/en/wetlands.htm
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Table 18. Number and areas of inland wetlands

Inland Wetland Category Number Area (sq. km)
Natural
Lakes/Ponds 4,646 6,795
Ox-bow lakes 3,197 1,511
Waterlogged (Seasonal) 4,921 2,857
Playas 79 1,185
Swamps/Marshes 1,814 1,978
Man-made
Reservoirs 2,208 14, 820
Tanks 5,549 5,583
Waterlogged 892 773
Abandoned Quarries (water) 105 58
Ash ponds/Cooling ponds 33 29
Total Inland Wetlands 23,444 35,589

1.11.3. Coastal Wetlands

As stated earlier, the Indian coastline including the islands is nearly 7,500 km long.
In the inventory prepared by SAC, there are 3,959 coastal wetlands which have
been classified under 13 major wetland types as shown in Table [[9 These wetlands
cover a geographical area of 40, 230km”.

1.12. LAKES

The hydrology of lake has attracted the attention of Indian Hydrologists after
1980’s. Lakes play a significant role in shaping the socio-cultural, socio-economic,
ecological and hydrological balance of a region. Lakes are storage elements of a

Table 19. Coastal wetlands of India

SN Types of Coastal Wetlands Area (sq. km)
1 Tidal Mudflats 23,621
2 Mangroves 4,871
3 Estuaries 1,540
4 Lagoons 1,564
5 Sand Beaches 4,210
6 Marshes 1,698
7 Other Vegetated Wetlands 1,391
8 Coral Reefs 841
9 Creeks 192
10 Backwaters 171
11 Rocky Coasts 177
12 Salt-Pans 655
13 Aquaculture Ponds 769
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local or regional hydrologic system. They alter the quantity and quality regime of
the water flowing through the system. Although, there are some differences in the
geometrical, hydraulic and biological characteristics of natural lakes and reservoirs,
similar concepts, principle, and models are used for planning, and development of
lakes and reservoirs. Moreover, lakes and reservoirs are in most cases being used
for similar purposes. The recorded significant differences between natural lakes and
man made inland water reservoirs are:

e Reservoirs have both larger drainage areas and larger surface areas associated
with them than natural lakes;

e Reservoirs have both larger mean and maximum depths than natural lakes;

e Reservoirs have shorter hydraulic detention times than natural lakes;

e Reservoirs have lower total phosphorus and chlorophyll concentrations than
natural lakes- despite the fact that reservoirs in general receive higher total
phosphorus and nitrogen loadings:

e Reservoirs also exhibit longitudinal density and concentration gradients which
are phenomena not usually observed in natural lakes.

In many respects, lakes, can be considered as “little ocean”. Like oceans they

receive inflow from rivers, exhibit vertical stratification, undergo cycling and

sedimentation, lose water through evaporation and so forth. In freshwater lakes,

water also leaves via surface or subsurface outlet. Due to these characteristics, a

lake is considered as a portion of a drainage system where water is retained for

considerably larger periods than in normal river channels.

Lakes in general, represent additional storage capacity of hydrologic systems.
Natural or artificial changes in the storage either on quantity or quality of alter not
only the streamflow regime but also the water balance in the region. These effects
may be of particular significance in arid and semi-arid regions.

Quantitatively, lakes constitute only about 0.1% of the total water at the earth’s
surface. They have received proportionately greater attention because of their impor-
tance to humans. In many places, lakes are used as sources of drinking water, as
a receptacle for sewage and agricultural runoff, for recreation, and for industrial
purposes. Because of their generally small size, they can be severely altered by
human activities.

Natural and artificial lakes are a major source of water in many regions in India.
Excessive siltation, withdrawals from contributing streams upstream, and changing
land use in the watersheds has contributed to depletion or shrinking of these water
bodies. The water quality in lakes is affected by run-off loaded with fertilizers,
insecticides, pesticides coupled with discharges from industries as well as human
settlements. Other threats to lakes include encroachments and weed infestation.
When the lake system begins to deteriorate, the birds and fishes begin to die or
move, fauna is spoiled, and obnoxious weeds proliferate.

Lakes either smaller or larger in size, depending upon their depth of water
available and purpose of uses, are known in different names in different parts like,
Jheels, Bheels, Marshes, and Tanks etc. However, purposes for which they are being
used for are being provided services, and problems faced by them are identical in
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nature. A national inventory of wetlands was prepared in 1980s. In India, 1,193
wetlands, covering an area and the remaining of 3,904,543 ha were recorded. Out of
these, 572 were natural wetlands, 542 were man-made habitats. Some 938 wetlands
were freshwater, 134 brackish and 19 coastal.

Major interventions for improving the lake systems in the country include
watershed management, dredging operations, treatment of effluents before discharge
into the lakes and disposal of solid wastes away from the lakes. A National Lake
Conservation Programme has been launched to revitalize natural lakes. In the first
phase, the programme aims to cover nine lakes: Hussain Sagar (AP), Sukhuna
(Chandigarh), Dal and Nagin (J & K), Bhoj (MP), Powai (Maharashtra), Udiapur
Lake (Rajasthan), Kodaikanal and Ooty (TN), Nainital (UA), and Rabindra Sagar
(WB). Further details about lakes are given in Chapter 9

1.13. HYDROLOGY IN ANCIENT INDIA

Natural entities and forces, such as Sun, Earth, Rivers, Ocean, Wind, Water, etc.
have been worshipped in India as Gods since time immemorial. Perhaps it is
not a sheer coincidence that the King of these Gods is Indra, the God of Rain.
Clearly, ancient Indians were aware of the importance of rain and other hydro-
logic variables for the society. The ancient Indian literature contains numerous
references to hydrology and a reading of it suggests that those people knew the
basic concepts of hydrological processes and measurements. Important concepts of
modern hydrology are scattered in various verses of Vedas, Puranas, Meghmala,
Mahabharat, Mayurchitraka, Vrhat Sanhita and other ancient Indian Works.m
(@) has rightly remarked that the growth of modern science in Europe would
have been hardly possible without the background of pioneering contributions from
India, China and Arabian countries, well up to the 12th century A.D. This section
contains a brief compilation of information pertaining to hydrology in ancient Indian
literature. A detailed treatment on this subject is available inﬁ% (@)

In Vedic age, Indians had developed the concept that water gets divided into
minute particles due to the effect of sunrays and wind. In various places in Puranas, it
is stated that water cannot be created or destroyed, only its state is changed in various
phases of the hydrologic cycle. Evaporation, condensation, cloud formation, precip-
itation and its measurement were well understood in India in Vedic times. Effects
of Yajna, forests, reservoirs, etc. on rainfall; classification of clouds, their colour,
rainfall capacity, etc.; forecasting of rainfall on the basis of natural phenomena, such
as colour of sky, clouds, wind direction, lightening, and the activities of animals; all
these were well developed in India even before the 10th century B.C. Contrivance
to measure rainfall was developed during the time of Kautilya (4th century B.C.)
which had the same principle as that of modern hydrology except that the weight
measure of Drona was adopted instead of modern depth measurement of rainfall.
The knowledge of monsoon winds and height of clouds along with the division
of atmosphere was well developed in the Vedic age. These people also developed
technique of knowing the slope of an area by means of a flowing river.
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Variation in the height of water table with place, hot and cold springs, ground
water utilization by means of wells, well construction methods and equipment are
fully described in 54th chapter of Vrhat Sanhita named as ‘Dakargala’. Sunrays,
wind, humidity, vegetation, etc., as the major causes of evapotranspiration were
well realized.

It is very interesting to learn that Varahamihira in as early as 550 A.D. presented
a simple method for obtaining potable water from a contaminated source of water.
Various plant materials along with solar heating, aeration, quenching of water with
fire heated stones, gold, silver, iron or sand were suggested for this purpose. The
change in the quality of water with the months of year and suitability of water from
different sources for various uses were described.

Efficient water use, lining of canals, construction of dams, tanks, essential require-
ments for the construction of good tanks, bank protection methods, spillways and
other minor aspects were given due consideration in ancient times in India. Well
organized water pricing system was prevalent during the time of Kautilya. Various
references are available in the Vedas emphasizing the importance of efficient water
use so as to reduce the intensity of water scarcity and drought, etc.

The Vedic texts which are more than 3,000 years old contain valuable references
on hydrologic cycle. The most important concepts, on which the modern science
of hydrology is founded, are scattered in Vedas in various verses which are in the
form of hymns and prayers addressed to various deities. Likewise, other Sanskrit
literature has valuable discourses regarding hydrology.

Atisthanteenam viveshnanam kashthanam madhyaey nihitam shareeram,
Bratrasya nidyam vi varantyapo deerghatam aashaydindrashatruha.

Verse I, 32, 10 says that the water is never stationary, but it continuously gets evapo-
rated and due to smallness of particles we ca not see the upgoing water particles.
In the Varahamihira’s Vraht Sanhita (550 A.D.), three Chapters are devoted to
hydrometeorology comprising Pregnancy of clouds (Chapter 21)), Pregnancy of air
(Chapter 22) and quantity of rainfall (Chapter 23)). Slokas 1 and 2 of Dakargelam
(Chapter 54 of Vraht Samhita) state the importance of science of ground water
exploration which helps man to ascertain the existence of water. These are as
follows:

Dharmyam yashashyam va vadabhaytoham dakargalam yen jaloplabdhiha
Punsam yathagdeshu shirastathaiva chhitavapi pronnatnimnasanstha.

Ekayna vardayna rasayna chambhyashchyutam namasto vasudha vishayshanta
Nana rastvam bahuvarnatam cha gatam pareekshyam chhititulyamayva.

The water veins beneath the earth are like vein’s in the human body, some higher
and some lower. The water falling from sky assumes various colours and tastes
from differences in the nature of the earth.

In Linga Purana a full fledged chapter (I, 36) has been devoted to the science of
hydrology. It scientifically explains evaporation, condensation, rainfall with suitable
examples and says that the water cannot be destroyed, only its state is changed:
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Dandhaymanayshu charachayshu godhoombhootastvabha nishkramantee
Ya ya oordhva mastraynayrita vai tastastvabhamyagnivayucha.

Ato dhoomagnivatanam sanyogstavamuchyatay

Vareeni varshteetyabhrambhrasyeshah sahastradrik.

i.e. “after being heated by sun, water contained in most of the materials on earth
gets converted to smoke (vapour) and ascends to sky with the air and subsequently
gets converted to cloud. Thus the combination of smoke, fire and air is the cause
of cloud formation. These clouds cause rainfall under the guidance of Lord Indra,
having thousand eyes.

Vayu (51. 14-15-16) states like this:

Aadityapateetam suryaganeha somam sankramatay jalam
Nadeebhirvayuyuktabhirlokadhanam pravartatay.
Yatsomatstravatay surya tadbhayshvavatishthatay

Megha vayunighatain visrajant jalam bhuvi.
Evamutikshapyatay chaiva patatay cham punarjalam
Na nashmu udkasyasti tadev parivartatay.

i.e. the water evaporated by sun ascends to atmosphere through the capillarity of
air, and there gets cooled and condensed. After formation of clouds it rains by the
force of air. Thus, water is not lost in all these processes but gets converted from
one form to other continuously.

Verses of Rigveda (I, 27.6; 1, 32.8):

Vibhaktasi chitrabhano sindhoroorma upak aa

Sagho dashushay chharasi.

Nadam na bhinnamuya shayanam mano ruhana atim yantyapah
Yashchidwatro mahina paryatishthattasamhih patsutah shirbbhoova.

This verse explains that all water that goes to the sky with wind by the heat of
Sun rays gets converted to clouds and then again after the penetration by sunrays
it rains and gets stored into rivers, ponds, ocean, etc. Two verses (V, 54,2 & V,
55, 5) explain the cloud-bearing winds as the cause of rainfall, viz.:

Pra vo marootaststavisha udnyavo vayovridho ashwayujah parijayah

San vighuta dadhati vashati tritah swarntyapoivana parijayah.
Udeeryatha marootah samudrato youam vrishtim varshyatha pureeshidam
Na vo dastra up dasyanti dhanayvah shubam yatamanu ratha avratsat.

“O cloud-bearing winds, your troops are rich in water, they are strengtheners of life,
and are your strong bonds, they shed water and augment food, and are harnessed
with waves that wander far and spread everywhere. Combined with lightning, the
triple-group (of wind, cloud and lightning) roars aloud, and the water falls upon the
earth.”

By the time of Kautilya (4th century B.C.), Indians had developed the method
and instrumental devices for measuring rainfall. This raingauge was known as
Varshaman. Kautilya describes its construction in these words “In front of the store
house, a bowel (Kunda) with its mouth as wide as an aratni (nearly 18 inches) shall
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be set up as rain gauge,” (Arthasastra, Book II, Chapter V). Kautilya was acquainted
with the distribution of rainfall in various areas. He furnishes a very accurate
scientific description of the same with statistics. The quantity of rain that falls in
the country of Jangala (desert countries) is 16 dronas (4 Adak = 1 drona and one
adak equals nearly 71b, 11 0z), half as much in moist countries (the countries which
are fit for agriculture), 13.5 dronas in the countries of Asmakas (Maharashtra); 23
dronas in Avanti, and an immense quantity in the western countries, the border
of the Himalayas and the countries where water channels are used in agriculture.
From this it is evident that the spirit of the methodology of the measurement of
rainfall given by Kautilya is the same as we have today, the only difference is that
he expresses it in weight measures while we use a linear measure nowadays (Arth,
Chapter XXIV, Book II, P. 130).

Further discussing the geographical details of rainfall, he observes “when one
third of the requisite quantity of rain falls both during the commencement and
closing months of the rainy season, and two third in the middle, then the rainfall is
considered very even.”

Discussing the classification of clouds and interrelationship of rainfall and
agriculture, the celebrated author adds “there are the clouds which continuously
rain for seven days; eighty are they that pour minute drops; and sixty are they that
appear with the sunshine”. When rain, free from wind and unmingled with sunshine
falls so as to render three turns of ploughing possible, then the reaping of good
harvest is certain.

The Vrhat Sanhita and Mayuracitraka by Varahamihira are two very important
treatises which are replete with climatological and meteorological information,
although they abound in astrological guesses, they contain sufficient scientific facts
also. The Vrhat Sambhita has three chapters (21%, 22", and 23") on climatology
and meteorology.

The Jains have made considerable contribution in the field of meteorology. The
‘Prajnapana’ and ‘Avasyaka Curnis’ provide outstanding studies of the various
types of winds. This tradition must have been far older than these treatises. The
‘Prajnapana’ makes reference of snowfall and hailstorm. The ‘Trilokasara’ of
Nemichandra says that there are seven types of periodic clouds. They rain for seven
days each in the rainy season. Then there are twelve species of white clouds. They
also bring rain for seven days each. Thus the season of rainfall extends over 133
days in all.

Buddhists too, at least before 400 B.C., have attempted at a very scientific
classification of clouds and four species mentioned by them can be compared with
the most important four species enumerated in modern meteorology. So much of
subtle observation at such an early date is an achievement of the finest order.

Verses (184. 15-17) of Mahabharata state that the plants drink water through
their roots. The mechanism of water uptake by plants is explained by the example
of water rise through a pipe. It is said that the water uptake process is facilitated
by the conjunction of air. This clearly reveals the knowledge of capillary action of
soil in the movement of water up and down the plant.
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Two Mantras of Atharvaveda say that if the water source is on mountains, then
the river formed will be perennial and will flow with high speed (AV.1., 15.3) and
(AV.11, 3.1). Similarly Verse (I, 3.1) reveals the same fact saying that the rivers
originating from snowclad mountains will keep on flowing in summers also.

The Vishnu Purana (I, 5.3) classified the soils of subterranean region in seven
categories, (i) Black (2) White or Yellowish (3) Blue or Red (4) Yellow (5) Gravelly
(6) Hilly or boulder and (7) Golden hued.

Regarding the occurrence of ground water, it says: “If there is a termite mound
nearby to the east of a Jambu tree, plenty of sweet water, yielding for a long time
occurs at a depth of two Purushas, at a distance of three hastas (cubit) to the south
of the tree (Vr.S.54.9). Similarly, an Arjuna tree with a termite mound to the north
shows water at a depth of 3.5 Purushas at a distance of 3 hastas to the west”.

Yajurveda also contains some knowledge about evaporation along with transpi-
ration. Verse 28.43 states that the vegetation attracts water from earth and evaporates
it to the atmosphere due to heat, wind, etc. to form clouds.
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CHAPTER 2
WATER BUDGET AND POPULATION OF INDIA

The hydrologic cycle can be quantitatively represented by an equation which
represents the continuity of mass. Many forms of this expression, called the water
balance or water budget equation, are possible by sub-dividing, consolidating, or
eliminating some of the terms, depending upon the purpose of computation. The
water balance approach enables a quantitative evaluation of water resources and
changes therein. The study of the water balance of lakes, river basins, unsaturated
zone, and ground-water basins forms a basis for planning of projects and rational
use of water resources in time and space (e.g., inter-basin transfer, stream flow
regulation, irrigation scheduling, etc.).

Current information on the water balance of river and lake basins for short time
intervals (season, week, and day) is used for operational management. For instance,
the mean annual rainfall of 117 cm over the country is equivalent to a volume of
water of about 3,840 x 10°m?>. About 49 percent of annual rainfall is converted
into surface runoff and ground water and the remaining 51 percent is lost to the
atmosphere by evaporation and transpiration.

2.1. THE WATER BALANCE EQUATION

Water balance equation evolves from the principle of conservation of mass, often
referred to as the continuity equation. According to this equation, for a given
volume of space and during any period of time, the difference between total input
and output equals the change of water storage within the volume. Therefore, the
use of a water-balance technique implies the availability of both measured storage
and fluxes. However, by judicious selection of the control volume and period of
time for which the balance equation will be applied, some measurements may be
eliminated (Eerguson and Znamenskyl, [1981]).

Consider the water balance equation for a water body. The input may comprise
precipitation (P) which may be rainfall, snow, or both; surface inflow (Qg;); and
ground water inflow (Qg;). The outflow part of the equation includes evaporation
from the catchment surface (E), surface water outflow (Qgy), and ground water
outflow (Qgp). When inflow exceeds outflow, the total water stored in the basin
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(AS) increases; an inflow less than the outflow results in decreased storage. As
the components of water balance equation are subject to measurement errors, the
equation includes a discrepancy term (g). Consequently the general form of the
water balance equation may be written as:

P+Qg+Qq—E—Q50—Qgo—AS—e=0 (1)

The components of a water balance equation may be expressed as a mean depth
of water for the control volume (mm), or as volume of water (m?).

The hydrologic budget or water balance of a drainage basin is a mathematical
statement of its hydrologic cycle. It is expressed by equating the difference between
inflow, I, and outflow, O, of a drainage basin to the rate of change of storage
within the basin, AS, for a specified period of time, At. When the basin is
considered as a black-box system or as a reservoir, its hydrologic budget can be
expressed as

AS - —
—=I1-0 2
At (22)

$-8 _ L+I, 0,+0
_ _ 2b
At 2 2 (2b)

where T and O are, respectively, the average inflow and the average outflow for
the time interval At, which is assumed to be small to justify averaging of inflow
and outflow. Subscripts 1 and 2 correspond to the values of the variables at the
start and the end of the time interval At =t, —t,. If I and O vary continuously with
time t, then eq. (2.2) can be written as

ds(r)

— = =1()=0(1) 3)
Implied in eq. @) or @) is that I, O, and S do not vary in space or are spatially
lumped. Eq. (@) is also referred to as the spatially lumped continuity equation, or
sometimes as the water budget.

All hydrologic analyses of drainage basins must satisfy eq. (@), or else the
analysis is incomplete and is therefore not reasonable. The appearance of this
equation is deceiving in its simplicity. For most hydrologic problems, more than
one variable is unknown and, therefore, eq. (@) cannot be solved without additional
information. Without an extra relation between S(t) and O(t) with or without I(t),
O(t) cannot be evaluated. Furthermore, I and O are not known as continuous explicit
functions of time. The difficulty of this equation lies in evaluating the component
variables.

In eq. @), I and O are expressed as rates having the dimensions of L3/T/L?
(=L/T) or L3/T. By integrating, eq. (@) can also be written with quantities
expressed in volumetric units as
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/dﬂﬂ:/Mﬂ—Omwt

t t

ﬂg-ﬂ@:/ﬂgm—/o@m &)
=V, (t) -V, (t)

in which S(0) is the initial storage or storage at t =0, V|(t) and V,(t) are volumes
of inflow and outflow at time t having the dimensions of L*/L?(=L) or L. Eq. @)
or its variant in eq. (ZB) or @) is the fundamental governing equation for hydrologic
analysis and synthesis.

For a drainage basin, the inflow may be comprised of rainfall, snowfall, hail, and
other forms of precipitation. Surface runoff, subsurface runoff, groundwater runoff,
evaporation, transpiration, and infiltration may constitute outflow. The compo-
nents of storage may include surface storage (over the ground, including storage
in channels and reservoirs, depression and detention storage), subsurface storage
(within the rootzone), groundwater storage (within the aquifers), and interception
(over vegetation, buildings, etc.). Eq. (@) can be rewritten by including all these
components as

d
E(Ss+Sln+Sg+Si):I)'+Im_Osr_Osb_Og_e_et_f (5)

where S with a subscript denotes a component of storage with the subscript s for
surface storage, m for soil-moisture storage, g for groundwater storage, and i for
interception storage; I, is rainfall intensity, I, is rate of snowfall, O, is surface
runoff, O, is subsurface runoff, Og is groundwater runoff, e is rate of evaporation,
e, is rate of transpiration, and f is infiltration rate. Eq. (3) can be written, analogous
to eq. @), in volumetric units as

S(t) = S4(0) +S,,(t) — S,,(0) + S, (t) — S, (0) +S;(t) — S,(0)
=P-Vo—E-T—F (6)

t t
in which P = [ (1,4 1,)dt = volume (or depth) of precipitation, Vo, = [(O,,+ Oy,
0 0

t
+ 0,)dt = volume (or amount) of runoff, E = [ edr = amount of evaporation,

0
t t

T = [edt = transpiration (volume of water transpired), t and F = [ fdt =

cumu(l)ative infiltration. The term V, provides the estimate of basin yield. Tﬁe terms
E, T, F, and S constitute what are frequently known as hydrologic abstractions.

Eq. (@) may be simplified or made more complex, depending upon several factors.
These are the available data, the purpose of computation, the type and size of
water body (river basin, an administrative district, lake or reservoir, etc.) and its
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hydrographic and hydrologic features. In large river basins, Qg and Qg are small
compared with other terms and may be ignored. Usually, there is no surface water
inflow into a river basin with a distinct watershed divide (assuming no artificial
diversions from other basins), and therefore, Qg; may not be included in the water
balance equation. Thus, for a river basin eq. () can be simplified as:

P—E—Qgq—AS—&g=0 7)

Depending on the specific problem, the terms of eq. @) may be further subdivided.
For example, in compiling the water balance for short time intervals, the change
in the total water storage (AS) in a river basin may be subdivided into several
parts. These could typically be the changes of moisture storage in the soil (AM),
in aquifers (AG), in lakes and reservoirs (AL), in river channels (AS.), in glaciers
(ASg), and in snow cover (ASg). Thus, AS can be expressed as:

AS = AM + AG + AL + AS + ASg + ASq (8)

Special features of the water balance equation for different time intervals.

The computation of the mean annual water balance is one of the simplest
problems, since it is possible to disregard the changes in water storage in the basin
(AS), which are difficult to determine. Over a long period, positive and negative
variations in water storage for individual years tend to balance out, and their net
value at the end of a long period may be assumed to be zero.

The reverse situation occurs when computing the water balance for short
time intervals. The shorter the time interval, the more precise are the require-
ments for measurement or computation of the water balance components and the
more subdivided should be the values of S and other elements. This results in
a complex water balance equation which is difficult to close within acceptable
errors.

The accuracy of water balance computations generally increases with an increase
in the river basin’s area. This is due to the fact that the smaller is the basin
area, the more complicated is its water balance equation. The reason is that it
is difficult to estimate some components of the balance, such as ground water
exchange with adjacent basins, water storage in lakes, reservoirs, swamps, and
glaciers, the dynamics of the water balance of forests, and irrigated and drained
land. The effect of these factors gradually decreases with an increase in the river
basin area.

The complexity of the computation of the water balance of lakes, reservoirs,
ground water basins and mountain-glacier basins tend to increase with increase in
area. This is due to the increased difficulty of accurately measuring and computing
the numerous important water balance components of large water bodies, such
as lateral inflow and variations in water storage in large lakes and reservoirs,
precipitation on their water surface, etc.
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2.1.1. Closing of the Water Balance Equation

To close the water balance equation, it is essential to measure or compute all the
water balance elements using independent methods, wherever possible. Measure-
ments or estimation of water balance elements usually involves errors due to short-
comings in the techniques used. The water balance equation, therefore, usually does
not balance and the discrepancy (g) is included as a residual term of the water
balance equation. A low value of & does not necessarily mean that all the compo-
nents have been estimated accurately, because the errors may cancel each other.
If the value of a water balance component cannot be obtained by direct measurement
or computation, it may be evaluated as a residual term in the equation. In this case,
the term includes an unknown error which may even be larger than the value of the
component. Similar considerations apply when the measured values of one component
are used to estimate the values of another component. The estimated value will
include errors due to the imperfections of the formula and in the measured component.

2.2 WORLD WATER INVENTORY

The total quantity of water in the world is around 1,357.5 million cubic km (Mkm?).
Over 97% of the world’s water is in the oceans and seas and is too salty for most
productive uses. Two third of the remaining water is found in the form of ice, caps,
glaciers, permafrost, swamps and deep aquifers. About 108,000km’ precipitates
annually on the earth surface. About 60% (61,000 km3) evaporates directly back
into the atmosphere, leaving 47,000km” flowing towards the sea. If this quantity
were evenly distributed, it would have amounted to approximately 9,000m?* per
person per year in the year 1990.

Thus an amount of only 35M km? fresh water is available on the earth. Out of
this about 21.6 M km” is Antarctica ice and 10.5M km® is fresh ground water. The
distribution of fresh water on the earth is given in Table [}

The total amount of water received on the earth in the form of precipitation is
about 0.42M km®. Out of which 0.32M km” is received on the oceans and seas
the rest 0.10M km® is on the earth. The water carried by the rivers and springs to
the sea each year is about 0.038 M km®. However, only 4% of this total river flow
is used for irrigation and the rest flows to the sea unusable.

The water balance of the oceans is shown in Table 2} It is found from the table
that there is considerable water transfer between the oceans and the evaporation
and precipitation values vary from ocean to ocean.

Shiklomanov (200d) estimated the mean global renewable water resources at
42,750 km3/year. The water balance of the continental land mass is shown on
Table Bl From the table one can see that Africa is the driest continent in the world
where only 20% of the precipitation is going as runoff, whereas the continents of
North America and Europe have the highest runoff rates. In absolute terms, Asia
has the largest water resources.

Every year the rivers of the world discharge about 40,000 km® of water into the
sea. Nearly half of it (20,000km”) is discharged into the Atlantic ocean where four
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Table 1. World Water Reserves

Item Area 10°km*>  Volume Depth of Percent of  Percent of
1000 km? run-off (m)  total fresh water

water

World ocean 361.3 1,338,000 3700 96.5 -

Ground water

Gravitational, capillary 134.8 23.400! 174 1.7 -

Fresh 134.8 10,530 78 0.76 30.1

Soil moisture 82.0 16.5 0.2 0.001 0.05

Antarctica ice 13.98 21,600 1546 1.56 61.7

Other ice and snow 2.25 2,464 1848 0.179 7.04

Ground ice in permafrost  21.0 300.0 14 0.022 0.86

Lakes

Fresh 1.2 91 73.6 0.007 0.26

Saline 0.8 85.4 103.8 0.006 -

Marshes 2.7 11.47 428 0.0008 0.03

Rivers 148.8 2.12 0.014 0.0002 0.006

Biological water 510.0 1.12 0.002 0.0001 0.003

Atmospheric water 510.0 12.9 0.025 0.001 0.04

Total water 510.0 1,385,984.6 2718 100 -

Fresh water 148.8 35,029.21 235 2.53 100

Ignoring ground water reserves in Antarctica, estimated at 2 million km?.
Source: m )

large rivers (Amazon, Congo, Orinoko and Parana) fall. The total annual average
flow of the total rivers of the world is 1.2 million m?/s. The average discharge of
the Amazon, which is the largest river of the world, is 200,000 m?*/s. The India’s
largest river Brahmaputra and the second largest river Ganga have an average

discharge of 16,200m?3/s and 15,600 m?/s respectively.

2.3. WATER BALANCE FOR INDIA

The average annual precipitation received in India is 4,000km’, out of which
700km’ is immediately lost to the atmosphere, 2,150km’ soaks into the ground

Table 2. Annual water balance of oceans

Ocean Area Precipitation Inflow Evaporation Water
(M km?) (mm) through rivers (mm) Exchange
(km?) with other
oceans (mm)
Atlantic 92.373 780 20,000 1,040 -60
Arctic 14.09 240 4,400 120 350
Indian 73.92 1,010 4,800 1,380 =300
Pacific 179.68 1,210 10,800 1,140 130
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Table 3. Annual Water Balance of Continents

Continent Area Precipitation ~ Total Average Runoff as  Evaporation
(10°km?)  (mm) Runoff water % of
(mm) resources  Precipi-
(km?) tation
Africa 30.3 686 139 4,050 20 547
Asia 44.5 726 293 13,510 40 433
Australia & Oceania 8.6 736 226 2,400 30 510
Europe 9.9 734 319 2,900 43 415
North America 24.2 670 287 7,850 43 383
South America 17.8 1,648 583 12,030 35 1,065

and 1,150km?> flows as surface runoff. The total water resources in the country
have been estimated as 1,953 km®. Nearly 62% or 1,202 km® of the total water
resources is available in the Ganga-Brahmaputra-Meghna basin. The remaining 23
basins have 751 km”® of the total water resources.

The annual water availability in terms of utilizable water resources in India is
1,122km”. Besides this, the quantity of 123km” to 169 km® additional return flow
will also be available from increased use from irrigation, domestic and industrial
purposes by the year 2050. The per capita availability of utilizable water, which
was about 3,000 m? in the year 1951, has been reduced to 1,100 m? in 1998 and is
expected to be 687m? by the year 2050 (see Table HJ).

The following discussion gives various components of water balance for India.
Note that the magnitudes of various terms go on changing as new projects come
up and as the pattern of water use changes. Further, differences are expected in the
figures given by different investigators.

2.3.1. Atmospheric Water Balance

The atmospheric water balance equation for India can be written by equating inflow
with outflow plus the change in storage (see Figure [I):

Vi+Er+Vy=P+Vi+ Ve +e )

where V| represents the inflow of water vapour to the Indian atmosphere from
land routes and sea routes, E; is the total evap otranspiration, V,; is the initial

Table 4. Per capita availability of water

Year 1951 1991 2010 2025 2050

Population (10°) 361 846.3 1,157 1,333 1,581

Average Water Resources 3,008 128.3 938 814 687
(m3/person/year)

Source: (@)
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Inflow of Atmosphere —— Outﬂow of
moisture moisture
Et P
INDIA

Figure 1. Atmospheric Water Balance

water vapour present in the atmosphere, P is the total precipitation, V, is the
outgoing water vapour, V, is the water vapour present at the end of period under
consideration.

Components of climatic water balance for India in terms of water surplus and
deficit show wide regional variations. Western Ghats have considerable surplus
of water as are the Mahanadi and Godavari rivers. The rest of the Peninsula and
leeward side of Western Ghats does not have much surplus water, except in monsoon
months.

On the basis of observations, the average annual values for inflow of water
vapour from the Arabian Sea has been estimated as 770 million ha-m and from the
Bay of Bengal as 370 million ha-m of water. Note that 1 ha-m = 1 hectare x I m =
100m x 100m x 1 m = 10,000 m?. This unit is frequently used in India. The inflow
of water vapour from land routes during non-monsoon months has been estimated as
300 million ha-m of water which also includes winter rains in South India. This has
been arrived at by considering non-monsoon rainfall of 100 million ha-m and the
possibility of 33 percent of water vapour precipitating as rain during non-monsoon
months. The water vapour present at the beginning and end of the year has been
assumed to be the same and it has been estimated from available data of Indian
Meteorological Department (IMD) as equivalent to 40 mm of precipitable water
over the total area of the country. This comes to 13 million ha-m of water. The
average annual precipitation, including rain as well as snow, has been estimated as
400 million ha-m. The total evapotranspiration has been estimated on the basis of
detailed estimates of water use balance at 278 million ha-m.

Substituting the estimated values of V|,E;,V,;, P and V,; in the equation
of atmospheric water balance, the outgoing water vapour V, has been estimated
as 1,264 million ha-m which includes the discrepancy term &. The results of
atmospheric water balance are given in Table [3

2.3.2. Hydrologic Water Balance

The equation for hydrologic water balance of the country for average annual condi-
tions can be written as:

P+I1=Qs+E+Q,+AS+e¢ (10)
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Table 5. Atmospheric Water Balance of India (All components in
million ha-m)

Inflow Value Outflow Value
Term Term

Var 13 P 400
Vi 1,440 V, 1,318
Er 278 Vag 13
Total 1,731 Total 1,731

where P is the total precipitation, E; is total evapotranspiration, I is the total inflow
as surface water (I;) and ground water (I,), Q, is the outflow as surface water
to oceans and other countries, (Q,) is the ground outflow, and AS represents the
change in soil moisture storage. A diagrammatic representation of the hydrologic
water balance for India is shown in Figure

The surface water inflow (I;) in the country is supplied by northern rivers, such
as the Brahmaputra, the Teesta, the Kosi, the Kamla, the Bagmati, the Gandak, the
Ghaghra, the Gomati, and other small streams. This flow has been estimated as 20

million ha-m by the [[rrigation Commissiod (1972). The ground water inflow has

been assumed as 20 percent of surface water inflow, i.e., 4 million ha-m. The surface
water outflow Q, was estimated as 150 million ha-m by [rrigation Commission

) for 18 river basins of the country. Considering the latest runoff and water
utilization data, it is estimated that the surface water outflow from the country is
about 126 million ha-m.

The ground water outflow has been assumed to be about 13 percent of the surface
water outflow on the basis of a general pattern and thus Q, has been estimated as
20 million ha-m. The values for total precipitation P and total evapotranspiration E
were estimated for atmospheric water balance also. The change in storage has been
assumed as zero for average conditions. The results of annual hydrologic water
balance are given in Table

A

Atmosphere

A

India surface Q

A 4

I, > India sub surface Qg

Figure 2. Hydrologic Water Balance
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Table 6. Hydrologic Water Balance of India (All components in
million ha-m per year)

Inflow Value Outflow Value
Term Term

P 400 E; 278

I, 20 Q, 126
L, 4 Q, 20
Total 424 Total 424

2.3.3. Water Use Balance

The equation of water use balance for an irrigated land for average annual conditions
can be written as:

Ep = (Rg+Dg—Ng)a+ (T, —N,)B+Pg (11)
where Ep; is evapotranspiration from irrigated areas, Rg is diversion from river
sources, Dg is supply from detention storage, T, is withdrawal from ground water
zone, Py is the effective precipitation which is consumptively used by irrigated
crops, and Ny is the non-irrigation use of surface water and N, for ground water.
The term « is the consumptive use efficiency for surface water and 3 is that for
ground water. On the basis of experiments and field experience, oo can be taken
as 33 percent for unlined canals. For ground water after accounting for losses in
water courses and field application efficiency, 3 has been estimated as 50 percent.
A diagrammatic representation of the water use balance equation is shown in
Figure 3

The component E;; was estimated by the [National Commission on Agriculturd
). It was assumed that the consumptive use of irrigated crops is equal to
the irrigation water requirement. ) estimated the component Eq; as

Atmosphere

P Eq

Subsurface

Surface source

v

Irrigated area

Ground water

source

A

A

Figure 3. Water Use Balance for India
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26 million ha-m. [Nag and Kathpalid (1973) had estimated non-irrigation use for

industrial, domestic and other purposes as 3 million ha-m. However, this use over
the last 30 years has significantly increased and the current estimates place it at 12
million ha-m. The estimated non-irrigation use from surface water sources (Ny) is
8 million ha-m and from ground water sources (N,) is 4 million ha-m. The water
diverted from rivers (Rg) has been estimated as 50 million ha-m. The live storage
capacity created in the country up to 1997 has been estimated as 17.7 million ha-m.
Assuming evaporation losses at 15% of live storage, the losses come out to be
2.655 million ha-m and the balance 15.045 million ha-m is release for irrigation
and non-irrigation uses (D).

The [National Commission on Agriculturd (197€) estimated 6.10 million open
wells in the country in 1971. During the fourth plan, there were 21,000 state tube
wells having electric pumps and 782,000 private wells were used for irrigation
with diesel or electric pumps. Assuming reasonable running time of 2,000 to 3,000
hours per annum for state tube wells and 500 to 1,000 hours per annum for private
wells; and their average discharges as 135,000 litres/hour and 30,000 litres/hour,
respectively, the total draft from ground water (T,) was estimated as 13 million
ha-m per annum. By the end of 1990s, the number of dug wells has increased
to 10.51 million, shallow tube wells to 6.74 million, and public tube wells to
90,000. The amount of water utilized to irrigate about 74 million ha is estimated at
80 million ha-m.

2.34. Water Use Balance for Other Areas

The equation for water use balance considering all areas can be expressed as:
ET:ETI+EL+EF+EUC+EW+ETg+ER+8 (12)

where E; represents the immediate evaporation from land surfaces, Ep represents
the transpiration from forests and vegetation, E; represents the evapotranspiration
from un-irrigated crops, E,y represents the evaporation from water bodies, Er, repre-
sents the evapotranspiration from ground water, and E represents the evaporation
from remaining areas. All these components can be expressed in million ha-m of
water.

The component E; has been estimated in the water use balance of irrigated areas
as 26 million ha-m. The component E; has been estimated as 128 million ha-m
of water by considering meteorological data. This consists of 70 million ha-m that
is immediate evaporation and another 58 million ha-m evaporation from soil. It
has been estimated that about 64 million ha of land is under forest and assuming
that from this area, evapotranspiration occurs at a rate of 0.85m per year, the
component E; comes to be 55 million ha-m. The net area under un-irrigated crops
has been estimated as 87 million ha and assuming that 43 cm of effective rainfall
is used consumptively, the component E ;- comes out to be 37 million ha-m. The



76 Chapter 2

evaporation from water bodies Ey, occurs at the potential rate throughout the year
and it has been estimated as 7 million ha-m. For waterlogged area, estimates vary
from 2.5 to 4.0 million ha and from this area, evapotranspiration occurs at a potential
rate. Loss under this head are estimated at 6 million ha-m.

Addition of all these components gives a total of 259 million ha-m. E; repre-
senting the total evapotranspiration was estimated under hydrological water balance
as 278 million ha-m. The remaining component E; representing evaporation from
the remaining areas works out to be 19 million ha-m which includes the discrepancy
term €.

2.3.5. Ground Water Balance

The equation for ground water balance for average year may be written as:
R + R+ R+ 1, =T, + B, +Sg +S,+Q, + 7 (13)

where Ry is the recharge due to rainfall, R is the flood flow recharge when the
river is in high stage, R, is the recharge due to irrigation, I, is the groundwater
inflow from outside, T, is the withdrawal by wells, Ey, is the evapotranspiration
from waterlogged areas, S is the effluent seepage, S, is the net change in ground
water storage, and Q, is the ground water outflow. The various components are
shown in Figure @]

The component Ry for all rivers has been estimated as 8 million ha-m. The
recharge due to irrigation (R;) can be obtained from the water use data as
the difference between water from surface and ground water sources and the
consumptive water use for irrigation. This component has been estimated as 18
million ha-m. The component I, has been taken as 4 million ha-m and Q, as 20
million ha-m in hydrological water balance. Considering baseflows of rivers, the
effluent seepage Sg has been estimated as 45 million ha-m. In the absence of any
data the change in ground water storage S, has been assumed as zero. This should

Atmosphere

Other countries
and sea
Y

Other countries India surface

A 4

India sub-surface

Figure 4. Ground water balance
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Table 7. Ground water balance of India (All components in million ha-m)

Inflow Value Outflow Value
Term Term

Ry 61 Tp 13

Rg 58 Er, 13

R; 18 Sg 45

I, 4 Q, 20
Total 91 Total 91

Total precipitation 400
Monsoon months Non-monsoon months *
Percola!iJn into soil Surl'acc‘ Water
215 Immediate evaporation from soil
. K 70 From rainfall From snowfall
To soil moisture To ground water 105 10
165 50
Add flow from irrigation Add flow from streams "
+) 5(11) 15 < . . .
Total s(oil m(ois!)ure Add ﬂg‘z ?ré?r: ilr?igation (Add) Flow received from outside India
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Figure 5. India —approximate distribution of average annual water resources as in 1974, 2000, 2025 AD

(million ha-m). The numbers in brackets are those for the year 2000

be reasonable for long-term data. By knowing all the components of ground water
balance the remaining component Ry representing the recharge due to rainfall has
been evaluated as 61 million ha-m. This also includes the discrepancy term €. The

results of the ground water balance are given in Table [7]

The overall water balance for India showing all the components is shown in

Figure 8

2.3.6. Hydrologic Water Balance

The equation for hydrologic water balance of the country for average annual condi-

tions can be written as:

P+I1=Qs+E;+Q,+AS+¢

(14)
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24. POPULATION AND NUTRITION REQUIREMENTS

The demographic data forms an important input in planning in general and this is
also true for the water sectors. The demand for the municipal water use directly
depends upon population. In India, the major water use is for agriculture and these
demands depend upon population and nutritional requirements. Furthermore, the
population size is directly or indirectly related to demands for electric energy,

Table 8. Population of Indian states and union territories (2001 census)

S. N. States/Union Territory Capital Population
(thousands)
States
1 Andhra Pradesh Hyderabad 75,728
2 Arunachal Pradesh Itanagar 1,091
3 Assam Dispur 26,638
4 Bihar Patna 82,879
5 Chhatisgarh Raipur 20,796
6 Goa Panaji 1,344
7 Gujarat Gandhinagar 50,597
8 Haryana Chandigarh 21,083
9 Himachal Pradesh Shimla 6,077
10 Jammu & Kashmir Srinagar 10,069
11 Jharkhand Ranchi 26,909
12 Karnataka Bangalore 52,734
13 Kerala Thiruvananthapuram 31,839
14 Madhya Pradesh Bhopal 60,385
15 Maharashtra Mumbai 95,752
16 Manipur Imphal 2,389
17 Meghalaya Shillong 2,306
18 Mizoram Aizawl 891
19 Nagaland Kohima 1,989
20 Orissa Bhubaneshwar 36,707
21 Punjab Chandigarh 24,289
22 Rajasthan Jaipur 56,473
23 Sikkim Gangtok 540
24 Tamil Nadu Chennai 62,111
25 Tripura Agartala 3,191
26 Uttar Pradesh Lucknow 166,053
27 Uttaranchal Dehradun 8,480
28 West Bengal Kolkata 80,221
Union territories
1 Andaman & Nicobar Islands Port Blair 356
2 Chandigarh Chandigarh 901
3 Dadra & Nagar Haveli Silvassa 221
4 Daman & Diu Daman 158
5 Lakshadweep Kavaratti 61
6 Pondicherry Pondicherry 974
7 National Capital Territory of Delhi Delhi 13,782
Total 1,027,015
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maintenance of environment, recreation, etc. Due to these reasons, the information
about population in India and its projections as well as nutritional requirements is
being provided here.

2.4.1. Population of India

After China, India is the second most populous country in the world. In India,
census is carried out every 10 years in the year ending with 1, such as 1991, 2001,
and so on. The population of India based on the last census (2001) was 102.7015
crore. Among the states, U.P. with a population of 16.6053 crore had the largest
population while Sikkim was the state with the smallest population. Only five
countries of the world namely, China, India, United States, Indonesia, and Brazil
have more people than does U.P. The population of the various states and union
territories is given in Table

To give a historical perspective of the population growth in India, the data of
population at various times during the last century is given in Table [9l During
the last three decades of the 20th century, there has been a very high growth of
population with the average annual growth often exceeding 2%. India has seen a
rapid decline in crude, death rate in the last century as a result of improved medical
facilities and sanitation.

From the point of water resources development, urbanization is of particular
interest since it influences demand of water for municipal uses. For urban areas,
the per capita demand for domestic use is much larger than for rural areas. The
relevant norms are discussed later. The criteria for classification of urban areas in
India and the number of such areas in 1991 is given in Table [0

Table [[1] lists urban population for census operations carried during the last
century and the percentage of urban population for class-I & class-II cities. Table 8]

Table 9. Population statistics of India, 1901-1991

Census year Total Average annual Crude birth rate Crude death
population growth rate (per 1,000) rate (per 1,000)
(million)

1901 238.4 0.30 - -

1911 252.0 0.56 49.2 42.6

1921 251.2 —0.03 48.1 472

1931 278.9 1.06 46.2 36.3

1941 318.5 1.34 452 31.2

1951 361.0 1.26 39.9 274

1961 439.1 1.98 40.9 22.8

1971 548.2 2.20 40.0 17.8

1981 683.3 2.24 37.8 15.4

1991 846.3 2.14 325 11.4

2001 1,027.0

Source: Working group (1999) water requirements.
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Table 10. Classification of Indian urban areas

Class of urban area Population size Number in 1991
Class I > 100,000 300
Class II 50,000-99,999 345
Class III 20,000-49,999 945
Class IV 10,000-19,999 1,167
Class V 5,000-9,999 740
Class VI < 5,000 197
All India 3,678*

Source: Working Group (1999) Water Management.

Table 11. Total urban population and share of class I & II cities

Census year Urban Urban Percent of Urban Percent of urban
population population of urban population of population of
class — I cities  population of class — II class — II cities

class — I cities  cities

1901 25,616,051 6,586,347 25.7 2,892,094 11.3
1911 25,580,199 6,955,756 27.2 2,682,565 10.5
1921 27,691,306 8,142,241 29.4 2,873,264 10.4
1931 32,976,018 10,090,279 30.6 3,941,183 11.9
1941 43,558,665 16,519,922 37.9 4,970,555 114
1951 61,629,646 27,308,404 443 6,130,907 9.9
1961 77,562,000 39,380,309 50.7 8,535,706 11.0
1971 106,966,534 60,123,375 56.2 12,029,893 11.2
1981 156,188,507 94,292,998 60.3 18,191,847 11.6
1991 217,611,000 13,880,200 63.7 23,309,000 10.7
Source: (@)

extends this information by providing projections of urbanization up to the year
2050 by which the population of India is expected to stabilize. Of special importance
is the rapid rise of urbanization in India which shows the stress on infrastructure
development, including water supply and sanitation.

The projection of population as per the UN medium variant and the urban
population for the various years is given in Table [2

India’s population is growing with such a high rate that it has nearly doubled in
the last 35 years. The population of the country has already crossed the landmark
of 1 billion. Today, after China, India is the second most populous country in the
world and if the present trend of population increasing continues, India will be
the most populous country of the world by the middle of the current century. The
population growth is putting additional pressure on natural resources as well as
complicating the development works. This is a cause of worry for planners and
developers. Arguably, the control of population should be the top priority of the
nation.
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Table 12. Projections of India’s population

Year Population as per medium Percent urban population for
variant (million) medium variant

2010 1,189 33.8

2020 1,327 37.2

2030 1,455 41.2

2040 1,564 453

2050 1,640 74*

Source: @).

2.4.2. Population Projections by Different Sources

The long-term planning has to take into account the population growth. A
number of individuals and agencies have estimated the likely population of
India by the year 2025 and 2050. According to the estimates adopted b
National Commission for Integrated Water Resources Development m,

), by the year 2025 the population is expected to be 1,333 million in
high growth scenario and 1,286 million in low growth scenario. For the year
2050, the high rate of population growth is likely to result in about 1,581
million people while the low growth projections place the number at nearly 1,346
million.

To control the rapid population growth rate, the several efforts are being made
by the government. Due to the continuous efforts, a visible fall has been observed
in the rate of population growth. In the past, the average number of children born to
an Indian couple was around six and the birth rate was around 40-45 per 1,000 (up
to 1971). Due to various efforts of the government, the birth rate has considerably
reduced and the average number of children born to an Indian woman during her
reproductive life has decreased from 6 to 3.3.

While the average birth rate in the country is declining, its spatial distribution
is uneven. Some states, such as Kerala, Tamil Nadu, and Goa, have achieved a
goal of an average of two children per family, whereas in Bihar, Madhya Pradesh,
Rajasthan, and Uttar Pradesh, the average number of children per family still is
between four to six.

Projections of population by several agencies and individuals are given in
Table [[31

Table [[4] shows the projected urban and rural population of India for various
years up to year 2050, by which time the population is likely to stabilize.
[INCIWRDH (1999) has accepted the higher limit of population as 1,581 million
and the lower limit as 1,345.9 million for the year 2050. The recent trends in the
Indian society show that most couples in urban areas go for two children while the
families in rural areas are also of smaller size these days. Expectedly, this trend
will accelerate. Hopefully then, the population of the country shall stabilize before
2050 at a lower level.
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Table 13. Population projections by different sources

S.N. Reference Population (in million) in the year

2010 2025 2050
1 UN 1994 Revised
A Low variant 1,156.6 1,286.3 1,345.9
B Middle variant 1,189.0 1,392.0 1,640.0
C High variant 1,221.7 1,501.5 1,980.0
2 Registrar general of India (1996) 1,162.0
3 Visaria & Visaria (standard) 1996 1,146.0 133.0 1,581.0
Source: @)

Table 14. Urban and rural population projections for India

Scenario Year 2010 Year 2025 Year 2050

Urban Rural Urban Rural Urban Rural
UN medium variant 402 787 630 762 1,007 633
Source: @)

2.4.3. Nutrition Requirements

The Indian economy has traditionally been agriculture-based. At the time of
independence, it was crucial to develop irrigation to increase agricultural production
to make the country self-sufficient in food grains and for poverty alleviation.
Accordingly, irrigation sector was assigned a very high priority in the 5-year plans.
Giant schemes, such as the Bhakra Nangal, Hirakud, Damodar Valley, Nagarju-
nasagar, Rajasthan Canal project, etc., were taken up to increase irrigation potential
and maximize agricultural production.

In 1990-91, India’s production of food grain was 176.4 million tones, including
162.1 million tones of cereals and 14.3 million tones of pulses. In the last two
decades, it has been found that the requirement of cereals in urban areas is about
135 kg/capita/year which is stationary, whereas the requirements of cereals in rural
areas have shown a declining trend from 185 to 175/capita/year. The consumption
of milk, eggs and live stock products have shown a rapid growth rate.

Keeping in view the level of consumption, the estimated food grain require-
ments per capita per year has been estimated to be 198kg for the year 2010,
218kg for the year 2025 and 284kg for the year 2050 (See Table [[3). After
considering factors, such as feed requirement, losses in storage and transport, seed
requirement, and buffer stock, the projected food grain and feed demand for 2025
would be 320 million tons (high demand scenario) and 308 million tons (low
demand scenario). The requirement for the year 2050 would be 494 million tons
(high demand scenario) and 420 million tons (low demand scenario).
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Table 15. Food demand estimates
Item Unit/year 1993-96 2010 2025 2050
Assumptions:
Population — Total Million 939.6 1,168 1,370.1 1,622.9
Population — Urban Million 247.4 370.4 504.5 752.8
Population — Rural Million 692.2 797.6 865.6 870.1
A. Growth rate of aggregate Percentage 4 4 4
expenditure
i. Food grain Million tons 154.16 214.79 276.92 395.44
ii. Milk & Milk products Million tons 48.97 94.16 160.68 357.15
ii. Edible oils Million tons 4.33 7.13 10.94 21.76
iv. Meat & Fish Million tons 3.69 6.57 10.7 23.02
v. Sugar & Gur Million tons 9.25 15.61 24.15 46.28
vi. Fruits & vegetable Million tons 38.58 67.44 110.62 249.46
Total of foodgrain & feed Million tons 158 221 288 419
Food grain & feed per head Million tons 168 189 210 258
B. Growth rate of aggregate Percentage 4.5 4.5 4.5
expenditure
i. Food grain Million tons 219.35 287.26 434.58
ii. Milk & Milk products Million tons 101.38 181.47 445
ii. Edible oils Million tons 7.49 11.99 26.42
iv. Meat & Fish Million tons 6.99 11.91 28.4
v. Sugar & Gur Million tons 16.55 26.74 56.21
vi. Fruits & vegetable Million tons 71.55 123.33 311.08
Total of foodgrain & feed Million tons 226 299 464
Food grain & feed per head Million tons 194 218 286
C. Growth rate of aggregate Percentage 5 5 5
expenditure
i. Food grain Million tons 223.8 298.42 485.39
ii. Milk & Milk products Million tons 108.84 204.32 558.61
ii. Edible oils Million tons 7.86 13.16 32.47
iv. Meat & Fish Million tons 7.41 13.25 35.36
v. Sugar & Gur Million tons 17.51 29.58 69.04
vi. Fruits & vegetable Million tons 75.82 137.94 390.99
Total of foodgrain & feed Million tons 231 312 522
Food grain & feed per head Million tons 198 228 321

Source: @)

Estimates of food grain requirements for various years have been given by

) for various growth scenarios, viz., 4, 4.5, and 5%. The commission

accepted the scenario of a 4.5% growth rate of aggregate expenditure and computed
future foodgrain requirements.
Furthermore, assuming feed requirements, the losses in storage and transportation,
seed requirement, and carryover for years of monsoon failure at 12.5%, the final
demands are given in Table
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Table 16. Projected foodgrain and feed demand for India

Demand Year

2010 2025 2050
High Demands (million tones) 224 291 449
Low Demands (million tones) 222 280 382
With addition of seed, feed, wastage, etc.
High Demands (million tones) 247 320 494
Low Demands (million tones) 245 308 420
Source: @).

2.5. WATER POVERTY INDEX

We live in a water-challenged world where freshwater crisis is deepening with
time, because each year about 80 million additional people stake their claims to the
earth’s limited water resources. Sadly, nearly all the projected three billion people
who world be added over the next half of the century will be born in countries that
are already experiencing water shortages. By 2050, India is projected to add 613
million people and China another 211 million.

Even with today’s six billion people, the world has a huge water deficit. Using
data on overpumping occurring in China, India, Saudi Arabia, North Africa and
the U.S., m (@) calculates an annual depletion of aquifers to be 160 billion
cubic metres or 160 billion tons. Assuming that it takes 1,000 tons of water to
produce one ton of grain, this 160 billion ton water deficit is equal to 160 million
tons of grain. At an average world grain consumption of nearly 300 kg per person
per year, this would feed 480 million people. Stated differently, 480 million of the
world’s six billion people are being fed with grain produced with the unsustainable
use of water.

Data show that nearly 70 percent of the water consumed worldwide is used
for irrigation. In the increasingly intense competition for water among sectors,
agriculture almost always loses. The 1,000 tons of water used in India to produce
one ton of wheat worth about (Rs. 8,000) can also be used to expand industrial
output by (Rs. 400,000) or 50 times.

In addition to population growth, urbanization and industrialization also expand
the demand for water. As villagers, who are traditionally reliant on the village wells,
move to urban life, their residential water use can easily triple. Industrialization
takes even more water than urbanization. Rising affluence generates additional
demand for water.

Two options immediately come to mind to control water demand: stabilize
population or raise water productivity. Another management strategy is to raise
the price of water to reflect its cost and minimize wastage. Shifting to more
water-efficient technologies and crops offer a huge potential to raise water produc-
tivity. These shifts will accelerate if the price of water closely reflects its true
value.



Water Budget and Population of India 85

2.5.1. Water Poverty Index for India

The Water Poverty Index (WPI) provides a framework to understand how water can
best be managed to meet the needs of people. This is a holistic approach to water
resource evaluation, in keeping with the Sustainable Livelihoods Approach used
to evaluate development progress. The approach to calculate WPI is based on the
formulation of a framework, which incorporates a wide range of variables. A team
of researchers from the UK’s Centre for Ecology and Hydrology and experts from
the World Water Council have developed WPI. The WPI demonstrates that it is not
the amount of water resources available that determine poverty levels in a country,
but the effectiveness of how these resources are used. The scores of the index range
on a scale of 1 to 100, with the total being generated as a weighted additive value
of five components which are:

Resource

This is a measure of ground and surface water availability, adjusted for quality and
reliability.

Access

This indicates the effective access to water that people have for their survival.

Use

This captures some measure of how water is used, including sectoral shares.
Capacity

This variable represents human and financial capacity to manage the system.
Environment

This tries to capture an evaluation of ecological integrity related to water.

The WPI assigns a value of 20 points as the best score for each of its five
categories. A country that completely meets the criteria in all five categories would
have a score of 100. The highest-ranking country, Finland, has a WPI of 78 points,
while Haiti has a WPI of just 35.

The WPI reveals that some of the world’s richest nations, such as the United
States and Japan, fare poorly in water ranking, while some developing countries
score in the top ten. According to the WPI, the top 10 water-rich nations in the world
in descending order are: Finland, Canada, Iceland, Norway, Guyana, Suriname,
Austria, Ireland, Sweden and Switzerland. The 10 countries lowest on the WPI are
all in the developing world namely: Haiti, Niger, Ethiopia, Eritrea, Malawi, Djibouti,
Chad, Benin, Rwanda, and Burundi. The WPI demonstrates a strong connection
between ‘water poverty’ and ‘income poverty.’

For_India, the scores on various parameters have been provided by Lawrence
etal. (IZDQj) as follows: Resource — 6.8; Access — 11.0; Capacity — 12.1; Use = 13.8;
Environment = 9.5; and WPI = 53.2. Since the scores are low on almost all counts,
a holistic and concerted long-term strategy is necessary. Furthermore, scores on
parameters, such as resource, are likely to dwindle rapidly in view of rapidly
increasing population and industrial growth.




CHAPTER 3
RAINFALL AND ANALYSIS OF RAINFALL DATA

In India, rainfall is mainly dependent on the southwest and northeast monsoons,
western disturbances, shallow cyclonic depressions, and violent local storms. Most
of the rainfall in India takes place under the influence of southwest monsoons
between June and September. An exception is Tamil Nadu where rainfall is under
the influence of northeast monsoons during October to November.

Modern metrological observations in India began in 1793 with the establishment

of the first Indian meteorological observatory in Chennai (the then Madras). When
the India Meteorological Department (IMD) was set-up in 1875, a network of nearly
90 weather observatories was created.
The rainfall in India shows great variations of all types: seasonal (temporal) and
geographical. It generally exceeds 1,000 mm in areas to the East of Longitude 78 °E.
It extends to 2,500 mm along almost the entire West Coast and Western Ghats and
over most of Assam and Sub-Himalayan West Bengal. In the western part of the
nation, rainfall diminishes rapidly from 500 mm to less than 150 mm in the extreme
west. The peninsular part has large areas of rainfall below 600 mm with pockets of
even 500 mm.

India has a long history of rainfall measurement. The Calcutta observatory
possesses the longest rainfall records in India going back to 1784. At the time of
independence there were about 2,750 rainfall stations in India. India Meteorological
Department (IMD) has prepared rainfall maps with rainfall data of 2,700 raingauge
stations during the period 1901-1950. Maps of annual rainfall and coefficient of
variation have also been prepared (Im, ).

3.1. MEASUREMENT OF RAINFALL

The amount, intensity and areal distribution of precipitation are essential in many
hydrological studies. The total amount of precipitation, which reaches the ground in
a stated period is expressed as the depth to which it would cover in liquid form on
a horizontal projection of the earth’s surface. Similarly, snowfall is also expressed
as the snow water equivalent of fresh snow in a stated time period covering an even
horizontal surface (m @)

87
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The units of precipitation are linear and daily amounts of precipitation should
be read to the nearest 0.1 mm. Weekly, fortnightly and monthly amounts should,
however, be read to the nearest 1 mm at least.

All observations of rain are taken in India at 08:30 hours IST to ensure standard-
ization and inter-comparison of rainfall from different rain gauge stations. The
rainfall measured at 08:30 hours on any particular date is entered against that date
and it is understood that the rainfall so registered has been received in 24 hours
preceding 08:30 hours of the day of observation.

3.1.1. Precipitation Gauges

A rain gauge basically consists of a collector for delineating the area of the rain and
a funnel leading to a storage device. The precipitation thus collected is measured
by transferring the contents to a graduated measuring jar, which goes along with
the particular rain gauge. Different types of gauges are used to measure rainfall
and snowfall. Since the size, shape and exposure affect the precipitation caught by
a gauge, it is desirable to use a standard gauge. The Symon’s raingauge has been
adopted as the standard in India. This raingauge is shown in Figure [l

The Symon’s raingauge consists of a funnel which has an accurately turned
and beveled gunmetal rim 127 mm in diameter, cylindrical body, a receiver with a
narrow neck and a splayed base which is fixed in the ground. This gauge is now
being replaced by a fiber glass reinforced plastic (FRP) rain gauge. The collector
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area of the FRP gauge is 200cm?. In heavy rainfall areas, a gauge with a smaller

orifice (usually 100 cm?) area is preferred to allow collection of less volume (more

depth) of rainfall.

The raingauge shall be fixed on a masonry concrete foundation 60 x 60 x 60 cm?
sunk into the ground. The gauge should be cemented into the platform in such
a way that the rim of the gauge is approximately 30 cm above the ground level.
This height is necessary to prevent the splashing of water into the gauge. The
Indian Standard IS: 4,986-1983 emphasizes the following points while installing
a gauge:

i) The gauge should be placed on the level ground. The gauge should not be
placed on the slope or terrace and never on a wall or roof.

ii) The distance between the raingauge and the nearest object should be generally
four times the height of the nearest object/obstruction but in no case the distance
should be less than twice the height of the object/obstruction.

iii) Great care should be taken for mountainous and coastal stations such that the
gauges are not unduly exposed to the sweep of the wind. A belt of trees or a
wall on the side of the prevailing wind at a distance as mentioned in (ii) above
is recommended as an efficient wind shelter.

iv) In the hills where it is difficult to find a level space, the site for the gauge shall
be chosen with a minimum level area of 6m x 6 m where it is best shielded
from high winds and where the wind does not cause eddies.

3.1.2. Recording Gauges

Three types of recording precipitation gauges are in general use. They are the float
type, the tilting or tipping bucket type and the weighing type. In India, the float and
siphon type-recording rain gauge, usually referred to as Self Recording Rain Gauge
(SRRG), is most commonly used as part of the measurement network. The tipping
and weighing type are used by some organizations at their experimental stations.
This raingauge is shown in Figure

The float and siphon recording raingauge consists of a collector and rainfall
recording mechanism mounted on a base. The recording mechanism consists of
a float chamber and a siphon chamber. The siphon is fixed to the float chamber
with provision for adjusting to enable correct siphoning. The lower end of the float
chamber is provided with a hexagonal cap, which can be removed for cleaning the
float chamber. A wire gauge filter is provided which fits into the inlet tube to check
the entry of other material. The recording pen is mounted on the stem of the float.
The time is marked by a horizontally rotating drum driven by a clock. The clock
mechanism may be mechanical or quartz type.

The gauge generally has a capacity of 10mm of rainfall for each siphoning
and has a collector having a rim area of 325cm? (203.4 mm diameter). To record
the precipitation at stations where heavy rainfall with high intensity is experi-
enced, it is preferable to have a raingauge with a collector having a rim area of
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Figure 2. Float and siphon type-recording raingauge

130cm? (128.6 mm diameter). With this collector, the raingauge would have a
capacity of 25 mm of rainfall for each siphoning.

The float and siphon recording raingauge gives a continuous record of rainfall.
The instrument can record the total amount of rain with the times of start
and cessation. The recording raingauge is generally used in conjunction with a
non-recording raingauge installed close by for use as a standard by means of
which the readings of the recording raingauge could be checked and if necessary
adjusted.

3.1.3. Installation and Use of Recording Raingauge

The recording raingauge should be placed at a distance of at least 2 m from the non-
recording raingauge and preferably 3 m away. An appropriate chart is wrapped on
the clock drum while ensuring that corresponding horizontal lines on the overlapping
portions are coincident and that the bottom of the chart is as near the flange at the
bottom as possible.

The clock is wound and the pen is set after putting enough ink. Water is poured
gradually into the inlet tube until the water begins to be siphoned off. After siphoning
is complete the pen should rest against the zero line on the chart. The chart is
changed at the same time every day, usually between 08:00 and 09:00 IST. For
more details on the installation and use of the recording raingauge BIS code IS:
8,389-1983 may be referred to.
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3.14. Design of Raingauge Networks

Since precipitation is one of the most important inputs in hydrological analysis,
it is necessary to ensure that the network is adequate to obtain representative
observations of precipitation. Scientific planning of the network design is necessary
so that rainfall is estimated with desired accuracy at the minimum cost. However,
the design of networks has been a rather neglected subject and most networks are
inadequate. Even in areas with relatively large numbers of long established stations,
there are usually gaps and deficiencies.

A precipitation network is a system for collection of data with due consideration
to the needs as well as the economy. The problem of network design is to determine:
i) how many stations are required? ii) where they are to be located? and, iii) how
long they are to be operated?

The optimum density of a precipitation network, i.e., the number of gauges
per unit area depends on the purposes to which the observed data are to be put.
The Bureau of Indian Standards (BIS) ISI: 4,987-1994 recommended that one
raingauge for 520km? shall be sufficient. However, if the catchment lies in the
path of low-pressure systems, which cause precipitation in the area during their
movement, their network should be denser particularly in the upstream. In not too
elevated regions with an average elevation of one kilometer above sea level, the
network density shall be one raingauge in 260km” to 390km”. In predominantly
hilly areas, where very heavy rainfall is experienced, the network density should
be at least one raingauge for every 130km?. If, however, the catchment is in the
rain shadow region of high mountains, such a dense network may not be necessary.
Table [l gives the desired and actual network density in some basins in Himalayan
region.

Clearly, the network is not dense enough and many more stations need to be
installed to adequately measure the rainfall and its variation. Another aspect of
concern is that at higher altitudes, the network density is still low.

Installation of SRRGs has to be commensurate with the requirements. The BIS
standard recommends that at least 10% of the raingauge stations should be equipped
with SRRGs.

Recognizing the need for increasing the network of raingauges for hydro-
logic purposes, IMD in collaboration with Central Water and Power Commission

Table 1. Raingauge Stations in Himalayan Region

Altitude range Desired Actual density
(m) network

density Total Ganga Brahmaputra Indus
<1, 500 370 86 43 10 33
1,500-2,100 460 57 28 9 20
2,100-3,000 470 35 18 13 4

3,000-5,000 730 28 17 8 3
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reviewed the network of ordinary raingauges in the country in 1956-57. They
recommended one raingauge for every 500km” area. The raingauge network at
present comprises about 5,000 stations whose data are archived by IMD. This gives
one raingauge in about every 600km” and the average distance between adjacent
raingauge stations is from 20 to 30km. In addition, about 4,650 raingauges are
being maintained by the Railways, Forest, Agricultural and Irrigation Departments,
etc. About 522 self-recording raingauge are being maintained by Railways, Forest,
Agriculture and Irrigation Departments. The hourly, daily and monthly rainfall data
of IMD stations are available in the National Data Center, IMD, Pune, on computer
media. Daily rainfall records for about 3,000 stations spread over the country are
available for a period of over 95 years.

3.1.5. Optimum Network Design

The main objective of rainfall network is to provide estimates of rainfall during a
particular interval at a specified point or over an area. The optimum network should,
therefore, be such that by interpolation between values of different stations, it should
be possible to determine the required characteristics of the precipitation data with
sufficient accuracy. The BIS Standard and the MO (@) have recommended a
statistical procedure for estimating the optimum number of raingauges required for
a network of raingauges over a basin.

N [%} (1)

where N = optimum number of raingauge stations, C, = coefficient of variation
of the rainfall values of the existing raingauge stations, and P = desired degree of
percentage error in the estimate of the basin mean rainfall. The percentage error
P is generally taken as 10% for working out the optimum number. Obviously a
decrease in the percentage error would mean an increase in the number of gauges
required.

3.2. MEASUREMENT OF SNOW

Solid precipitation is far more difficult to measure than liquid precipitation.
Compared to rainfall, snowfall over an area is more uniform, but its accumulation
and retention on the ground are highly heterogeneous because of the buoyancy of
snow. Snow measurement consists of the actual depth of snow unaffected by wind
and water content of such a depth. Except for special applications, the water content
of snow is more useful than the actual depth of snow. The data on snow depth and
the average density are used to estimate the water equivalent of snow. In the earlier
days, the necessity for undertaking snow and glacier studies arose for forecasting
runoff from the Himalayan rivers in the critical summer months of April, May,
and June.
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The depth of snowfall is the amount of fresh snow deposited over a given period
(generally one day); the water equivalent of fresh snow is the amount of liquid
precipitation represented by that snowfall. The depth of fresh snowfall is generally
measured by depth probes (graduated rulers) by inserting them vertically in the
snow. The measurements are made on a snowboard whose surface is kept free of
snow before snowfall. A snowboard (at least 40 cm*40cm) is a piece of plywood or
light weight metal which provides a reference level for measurement. Snowboards
should be located where the effect of wind is the minimum.

A non-recording snow gauge consists of open receptacles with vertical sides,
usually in the form of cylinders. For small snowfalls, non-recording rain gauges are
used for rain as well as snow measurement and often give satisfactory results. In
the case of snowfall measurement, the funnel receiver is removed. The amount of
snow collected in the cylindrical gauge is melted either by wrapping the snow gauge
with a warm cloth or by adding an adequate and accurately measured quantity of
warm water. Under conditions of heavy snowfall, the snow accumulated over the
collector is carefully pressed into the gauge, melted and measured.

Various sizes of the gauge orifice and height are used in different countries. The
non-recording snow gauge adopted for use in India consists of a simple cylindrical
collector having a diameter of 23 cm. Now these gauges are being replaced by snow
gauges with 500 cm? collectors. The gauge is normally exposed at a height of about
2 m above the ground, and mounted on a metal stand. A standard snow gauge being
used in India is shown in Figure B

The storage gauges are used to measure total seasonal water equivalent of
snowfall in remote areas where daily observations are impractical. Such gauges
have capacities to store large snowfall during periods as long as a year.

Like recording rain gauges, there are also snow gauges for continuous recording
of snow water equivalent. These are used in locations where continuous records are
required and where gauges cannot be regularly attended by the observer. Weighing
type snow gauges are most commonly used to measure both rain and snow. The
capacity of weighing type recording snow gauges ranges from 300-600 mm water
equivalent and the time resolution capability may vary from 5 minutes to several
hours. Two most common weighing recording type gauges are Fischer and Porter
and Universal snow gauges.

A snow pillow is a device to measure the water equivalent of snow. Pressure
pillows are filled with antifreeze liquid and a pipe connects the pillow to a stilling
well. The liquid is pressed into the stilling well by the weight of falling snow and
this liquid level in the well is related to the water equivalent of snow accumulated
over the pillow. The variation in load on pillow may be recorded by an automatic
water level recorder. A snow pillow gives a point value of water equivalent of the
snow cover accumulated on its surface. Snow pillows are of various shapes and
sizes, and different materials are used to construct them.

Snowfall in the Western Himalayas is being monitored by IMD, Central Water
Commission (CWC), Bhakra Beas Management Board (BBMB), and Snow and
Avalanche Study Establishment (SASE). IMD measures snowfall by using snow
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Figure 3. Standard snow gauge being used in India

gauge and snow depth is measured by snow stakes. CWC has a network of 33
snow gauges in the Chenab basin and 9 stations in Yamuna basin with a snow
pillow installed at Jubbal. BBMB has a network of 21 snow gauge stations in Satluj
basin above Rampur where snow gauges and snow stakes are used to monitor
snow. SASE has a good network of snow gauges at very high elevations in the
Himalayas, extending from Kashmir to the hills of Uttaranchal. At some of the
locations, weighing type precipitation gauges or snow stakes are used; snow pillows
are being used at a few locations.

3.2.1. Recording Snow Gauges

Like recording rain gauges, there are also snow gauges for continuous recording of
snow water equivalent. Recording snow gauges are designed for use in locations
where continuous records are required and for locations where gauges cannot
be regularly attended by the observer. The following snow recording gauges
are used.
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Weighing type snow gauge

The gauges most commonly used to measure both rain and snow are the weighing
type snow gauges, in which a pen arm continuously records the weight of accumulated
snowfall on a clock-turned drum. The continuous recording may be either by means of a
spring mechanism or with a system of balance weight. The spring after accommodation
of precipitation compresses and activates the recording mechanism. The mechanical
displacement of the spring can be converted to a digital output signal, which can be
recorded in situ or telemetered by a suitable device to the desired destination. This
type of gauge normally has no provision for emptying itself but by a system of livers,
it is possible to make the pen traverse the chart any number of times. The capacity
of weighing type recording snow gauges ranges from 300-600 mm water equivalent
and the time resolution capability may vary from 5 minutes to several hours. The main
advantage of this type of instrument is its capability to record snow, hail and mixture
of snow and rain. It does not require the solid precipitation to be melted before it can
be recorded because it functions on the weighing principle.

The two most common weighing recording type snow gauges are Fischer and
Porter, and Universal snow gauges. The Fischer and Porter gauge has an orifice
diameter of 20.3cm, and a collector capacity of 630 mm water equivalent. The
Universal snow gauge also has an orifice of the dimension of 20.3 cm. However,
it has a standard maximum capacity of about 300 mm water equivalent, including
antifreeze. A weighing type snow gauge is shown in Figure F

Electrically heated tipping bucket snow gauge

In principle, a tipping bucket snow gauge is similar to the tipping bucket rain gauge,
except that an additional device is employed to melt the solid precipitation. Usually,
to heat the funnel and orifice, a nichrome wire is embedded in the double wall
case. The wire is densely packed at the top of the gauge in order to concentrate
the heat at the funnel. A second heater is mounted under the gauge to provide heat
to the tipping bucket mechanism and to prevent freezing of water collected in the
bucket. For most snow conditions, satisfactory melting is achieved when thermostat is
setat5°C.

A bucket will tip when it accumulates a standard amount, usually 0.25 mm,
of precipitation. The tipping of one bucket will cause an empty bucket to
come into position to be filled. Each tip is recorded through an event recording
mechanism.

3.2.2. Snow Pillow

High cost of obtaining samples by having personnel travel to snow areas and the
need for more rapid acquisition of information have led to the development of
sensors that can be read remotely and automatically. One of these sensors is snow
pillow. A snow pillow is a device to measure the water equivalent of snow. Pressure
pillows are filled with antifreeze liquid and a pipe connects the pillow to stilling
well. The antifreeze solution used in the storage type of snow gauges can be used
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Figure 4. Weighing type snow gauge

in the pillow. The liquid is pressed into the stilling well by the weight of falling
snow and this liquid level in the well is directly related to the water equivalent
of snow accumulated over the pillow. The variation in load on pillow may be
recorded by means of an automatic water level recorder. On site and/or telemetry
data acquisition system can be installed to provide continuous measurements of the
water equivalent through the use of a standpipe and float actuated charts or digital
recorders. Alternatively, the pressure changes in the pillow can be monitored by
a transducer, whose electrical output can be interfaced with the telemetry system.
The snow pillow assumes that snow acts as a perfect fluid and unusual conditions
can affect the accuracy of measurements.

A snow pillow gives a point value of the average water equivalent of the snow
cover accumulated on its surface. It is a fair indicator of the actual water equiv-
alent of snow in many heavy snow areas, especially during the primary snow
accumulation period. Sometimes, pressure plates are also used rather than original
butyl rubber pillow. The size of the pressure plate or snow pillow necessary for
best accuracy depends upon the amount of snow cover normally expected. Greater
depths of snow require large pillow sizes.
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Snow pillows are designed in various shapes and sizes, and different materials are
used to construct them. Now-a-days, the pillows are fabricated from butyl rubber,
neoprene rubber, sheet metal or stainless steel. A 3.66 m diameter snow pillow is
enough for most snow cover depths.

3.2.3. Relationship between Snow Covered Area and Runoff

In many studies, regression analysis has been carried out to correlate snow-
cover area and runoff. Efforts have also been made to correlate winter snowfall
and snowmelt runoff. The snow cover area can be easily assessed from satellite
imageries. [Dey and Goswami (1983) presented the results of studies involving the
utilization of satellite snow cover observations for seasonal streamflow estimates in
Western Himalayas. A regression model relating seasonal flow from April through
July 1974 to early April snow-cover explained 73% of variance of measured flows
in Indus River. Remotely sensed snow-cover area data provides the best available
input in empirical snowmelt prediction techniques for remote Himalayan basins.
The study has also indicated high correlation of concurrent flows, in adjoining
Himalayan basins like Indus and Kabul.

A regression_model of snow-cover area versus runoff was evaluated by Dey
and Goswami ), using data of Satluj, Indus, and Chenab rivers. The mean
seasonal snowmelt runoff (April to June) in Indus, Satluj and Chenab rivers are
4,027, 735, and 1,508 cumec, respectively, for catchment areas of 162,100, 38,000
and 26, 155km”. The following relationship between snow-cover area and seasonal
runoff were established:

Y =0.06493 X —0.363325 for Satluj River 2)
Y =0.472 X +4.73895 for Indus River 3)

where Y = Seasonal run-off (April-July) in 10°m3 and X = Average percent of
snow-cover of the basin.

A conceptual snowmelt runoff model (SNOWMOD) was developed by Singh
and Jainm) has been extensively tested using the data of Himalayan
rivers.

The importance of permanent snow-covered area in any study of snowmelt
in Himalayan basins was realized long ago. Studies were carried out in 1980s
for glacierized mountains (upper Indus in Pakistan) and a model was developed
for annual variation of run-off and it’s forecasting. The approach is based on
identification of a number of glaciological and climatological factors other than
snow-covered area. Neglecting rainfall, runoff and ground water discharge and
also losses, the total melt water runoff has been assumed to be the sum of three
components: (i) complete melting of a glacier snow pack, (ii) complete melting of
glacier ablation snow cover, and (iii) glacier ice melt from a contributing fraction
of area, The useful information is provided about characteristics of high mountain
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Table 2. The Snow-cover and runoff characteristics

S.N. River basin Area (km?) Mean run-off Snow-cover Ice cover
(mm) (%) mean
Apr-Aug. estimates (%)

1 Hunza 13,000 763 88 38

2 Gilgit 26, 000 578 86 27

3 Indus 16, 0000 303 83 11

4 Shyok 33,000 292 93

5 Jhelum 25,000 644 74 2

basins in the Himalayan region based upon 1975-1978 data. The details of the
results are given in Table

Limited studies on snowmelt processes and simulation of snowmelt runoff have
been completed for Himalayan basins. This is mainly because of poor network in
the Himalayan catchments. In the recent years, the condition of the network in
several Indian snowbound catchments has improved.

3.3. STORAGE OF RAINFALL DATA

India has a long tradition of systematic observations, dating back centuries in
different fields, including meteorology, geology, agriculture, sea level and land
survey. Specialized institutes are carrying out these observations since the early
19" century. Changes/improvements have been made in observational networks
according to needs; networks have evolved and have been modernized although
more efforts in this direction are needed. With rapid advances in satellite technology
in India, space-based systems have contributed considerably to enhancing observa-
tional capabilities.

In India, rainfall data collected by state organizations is generally stored only in
the form of printed records. Systematic computerization of the data has begun in
some states only recently. As IMD maintains a large network of observatories, it
collects a huge volume of data. The computerization, quality control and archival
of this data in electronic media is being done by the National Data Centre of IMD
at Pune.

3.3.1. Daily Rainfall Data

During the initial period of storing data on computer compatible media, IMD was
storing data on punched paper cards. The daily rainfall data were punched in a
31-card format until 1970. From 1971 onwards, IMD switched over to a 24-card
format. In the 31-card format, the data of 12 months for each day were punched on
each card together with station related information, year and date. In the 24-card
format, each month’s rainfall data were punched on 2 cards, 16 days data on the
first card and 15 days data and monthly total on the second card.
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3.3.2. Hourly Rainfall Data

Data of hourly rainfall recorded at the self-recording raingauges maintained by
either India Meteorological Department or other organizations were rarely published
in printed form. IMD however, used to store the data of self-recording raingauge
on punched cards and magnetic tapes. Besides station code, the first card would
contain year, month, date and card number data of hourly rainfall corresponding to
1st to 16th hour. The second card, besides station code and other details, contains
data of hourly rainfall, time of maximum rainfall occurrence and total rainy duration
in the day, given in hours and minutes.

3.3.3. Computerization of Data Under the Hydrology Project

In the 1990s, an ambitious project, known as the Hydrology Project Phase I was
launched in eight states of peninsular India. Among the objectives of the project
was computerization of hydrological data in these states. Huge amounts of historical
data have been computerized in the form of a Hydrological Information System
(HIS). More details of this project and its achievements are given in a later
chapter.

34. ESTIMATION OF MISSING DATA

While working with rainfall data, one often comes across missing data situations.
Data for the period of missing rainfall data could be filled using estimated value.
The length of the period up to which the data could be filled is dependent on
individual judgment. Rainfall for the missing period is estimated either by using
the normal ratio method or the distance power method.

34.1. Normal Ratio Method

In the normal ratio method, the rainfall R, at station A is estimated as a function
of the normal monthly or annual rainfall of station A and those of the neighbouring
stations for the period of missing data at station A:

T NR
Ry=—=——"" 4)

where R, is the estimated rainfall at station A, R, is the rainfall at surrounding
station i, NR, is the normal monthly or seasonal rainfall at station A, NR; is the
normal monthly or seasonal rainfall at station i, and n is the number of surrounding
stations whose data are used for estimation.
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3.4.2. Adjustment of Data

Adjustment of data has two principal objectives. The first is to make the record
homogeneous with a given environment and the second is to eliminate or reduce
extraneous influences by correcting for changes in gauge location or exposure.
Adjustment for these errors is made by ‘Double Mass Analysis’. This is a graphical
method to identify and adjust inconsistencies in a station’s data by comparing with
the trend of reference stations’ data. As the name itself implies, a double mass
curve’s both axis are accumulated precipitation values. Usually, the accumulated
seasonal or annual precipitation values of reference station(s) is taken as abscissa
and those of the station under test as ordinate.

A change in the regime of the raingauge, such as a change in exposure, change
in location is revealed by a change in the slope of the straight line fit. The older
records are adjusted by multiplying the precipitation values by the ratio of the slope
of the later period to the slope of the earlier period.

3.5. DISAGGREGATION OF DAILY DATA

The network of recording raingauges in India being sparse in comparison to that of
daily (non-recording) rain gauges, many times it is necessary to convert the daily
rainfall into shorter period intervals. The information of short interval rainfall is
used together with information of daily rainfall from nearby non-recording (daily)
gauges.

Mass curve is a graphical display of accumulated rainfall versus time. Mass curve
of accumulated rainfall at (non-recording) daily stations and recording stations
(SRRG) are prepared by plotting the accumulated rainfall values against time for
the storm duration under analysis. A comparison of the mass curves of the recording
raingauge stations with those of the non-recording stations would help in deciding
which recording raingauge or group of gauges could be considered as representative
of which of the non-recording raingauge for purposes of distributing daily rainfall
into hourly rainfall.

The hourly rainfall data at each of the two SRRG stations is plotted on a graph
to prepare the mass curve of hourly rainfall. The daily rainfall data at each of the
four stations is cumulated and plotted on a graph. The points are joined to form
the mass curve of daily rainfall. The mass curves of daily rainfall are compared
with those of hourly rainfall to determine which of the daily rain gauge stations are
represented by which of the SRRG stations.

To convert daily rainfall into hourly rainfall, the hourly rainfall from 08:00
hours to 08:00 hours for consecutive days is accumulated and the rainfall during
each hour is expressed as a ratio of the total rainfall during 24 hours (08:00 to
08:00). These ratios are used to distribute the daily rainfall for the corresponding
duration at those non-recording raingauge stations, which are represented by
the SRRG.



Rainfall and Analysis of Rainfall Data 101

3.5.1. Aggregation of Precipitation Data in Time

For the estimation of design flood using the unit hydrograph approach short incre-

ments of design storm would be required. In India, in view of the rather limited

length of hourly rainfall data and the sparse network of SRRG stations, it is not

possible to derive the PMP estimates of less than 1 observational day duration

directly. As such, recourse is taken to determine the short interval design rainfall

increments by applying a time distribution based on the hourly rainfall data as

described above. Also, for developing intensity — duration — frequency (IDF)

relationships, determination of maximum rainfall intensities for different durations

by aggregation would be required.

The steps involved in deriving the time distribution are indicated below:

Step 1: Select all such storm spells whose 24 hour totals have exceeded at least
150 mm and 48 hour totals 200 mm.

Step 2: Compute the maximum hourly rainfall totals for 1, 2, 3, 6, 9, 12, 15, 18,
21, 24, ...48 hours using only consecutive hourly rainfall data.

Step 3: Express the maximum rainfall totals computed in step 2 as percentage to
the total rainfall amount of the 24-hour duration or 48-hour duration.

Step 4: Repeat the procedure in step 2 and step 3 for all selected storm spells.

Step 5: Plot the percentages of different durations from each spell on a graph paper
and draw smooth curves. Separate graphs are plotted for 24 hour and 48
hours as needed.

3.5.2. Estimation of Mean Areal Precipitation

Precipitation observations from gauges are point measurements. But the precipi-
tation process exhibits appreciable spatial variation over relatively short distances.
An accurate assessment of mean areal precipitation is a pre-requisite and basic input
in hydrological analysis. Numerous methods of computing areal rainfall from point
raingauge measurements have been proposed. The most commonly used methods
are the Arithmetic average method, the Thiessen polygon method, and the Isohyetal
method. The choice of a method is dependent on the quality and nature of data, the
importance of use and required precision, the availability of time and skills of the
analyst. Some commonly used methods are describe below.

The simplest technique to compute the average precipitation depth over a
catchment area is arithmetic average of the values at gauges within the area for
the period of concern. If the gauges are relatively uniformly distributed over the
catchment and the values do not greatly differ, this technique yields reliable results.

3.5.3. Thiessen Polygon Method

The Thiessen Polygon method is used with non-uniform station spacing and gives
weights to station’s precipitation data according to the area, which is closer to that
station than to any other station. This area is found by drawing the perpendicular
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bisectors of the lines joining the nearby station so that the polygons are formed
around stations. The polygons thus formed around each station are the boundaries
of the effective area assumed to be controlled by station. The area governed by
each station is planimetered and expressed as a percentage of the total area, the
weighted average precipitation for the basin is computed by multiplying each station
precipitation amount by its assigned percentage of area and totaling.

The weighted average precipitation is given as:

S PW,
p=5L )
S W,

i=1

where P is the average catchment precipitation, P, is the precipitation at stations 1
to n, and W, the weights of respective stations. The advantage of this method is
that stations outside the catchment may also be used to assign weights of marginal
stations within the catchment. A drawback is that it assumes that precipitation
between two stations varies linearly and does not make allowance for variation due
to orography. Also, whenever a set of stations are added to or removed from the
network, a new set of polygons has to be drawn. If a few observations are missing,
it is convenient to estimate the missing data than to construct a new set of polygons.

Besides the above, there are many other methods, such as kriging, that are used
for estimation of the mean areal precipitation. For further details of processing of
precipitation _data, reference may be made to [Singh (1992). WMQ (1994). Singh

and Singh m ).

3.54. Relationship between Point and Areal Rainfall

Rainfall varies temporally as well as spatially. An isohyet is a contour line showing
the locus of equal rainfall depth. An individual storm may have a spatial distribution
or pattern in the form of concentric isohyets, leading to the formation of a storm
eye that depicts the center of the storm. In general, storm patterns are not static,
rather they move gradually in the direction of prevailing winds. For regional rainfall
mapping, isohyets are commonly referred to as isopluvials. These maps show
contours of equal rainfall depth, applicable for a range of durations, frequencies,
and catchment sizes. For large catchments, intense storms (or thunderstorms) may
cover only a part of the whole area.

The maximum intensity of rainfall occurs at the center of the storm and the
intensity gradually decreases radially away from the center. A large number of
formulae have been developed which relate storm point rainfall to storm areal
rainfall. For a rainfall of a given duration, the average depth decreases with increase
in area exponentially as:

P = poexp(—KA") (6)
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Table 3. Values of coefficients K and n for storms of different durations

Duration K n Remark

1 day 0.0008526 0.6614

2 days 0.0009877 0.6306

3 days 0.001745 0.5961

1 day 0.004472 0.599 For Brahmaputra basin
2 days 0.009152 0.50683

where p is the average depth (cm) over an area A (km?), p, is the highest amount
of rainfall (cm) at the storm center, and K and n are constants for a given region.
On the basis of 42 severe most storms in North India, the values of K and n were
obtained by [Dhar & Bhattacharyd (1973) for storms of different durations as shown
in Table B

Since it is unlikely that the storm center falls over a raingauge station, the exact
determination of p, is rare. Hence, while analyzing large area storms, the highest
rainfall is taken as the average depth of central zone of 25km?. IMD has suggested
the following relation to determine the reduction factor for rainfall over areas up to
300km? for durations varying from 30 minutes to 24 hrs:

P =exp(—A'/?/8T%) (7)

where P is the areal to point rainfall ratio, A is the basin area in sq. miles, and T
is the storm duration in hours.

3.6. RAINFALL OF VARIOUS DURATIONS

Here we discuss some features of rainfalls of various durations for the country. Apart
from being of statistical interest, these data are of considerable interest in planning
and management of water resources projects, ecological planning, environmental
systems management, agriculture and irrigation planning, forestry, public health
engineering, and so on.

3.6.1. Annual Rainfall

Table Bl shows annual normal rainfall for some basins of India. Among basins,
rainfall is the maximum in the Brahmaputra basin which also has the highest number
of rainy days. The Luni basin receives the least rainfall and has only 20 rainy days.

Table [3] gives the coefficient of skewness of observed rainfall at these stations.
Also shown in the table are the numbers of years of data used. The skewness is
highest in the dry regions of the country.

Some statistical properties of annual extreme rainfall series at selected stations in
various meteorological sub-divisions are given in Table [0l The annual rainfall over
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Table 4. Annual normals of rainfall (cm) for major river basins of India

Chapter 3

River basin

Annual normal

Rainfall (cm) No. of rainy days

Brahmaputra 268.7 112
Cauvery 119.8 65
Ganga 115.8 52
Godavari 116.1 59
Indus 88.7 46
Luni 40.6 20
Mahanadi 142.2 69
Mahi & Sabarmati 84.0 37
Narmada 123.1 50
Tapi 79.7 46
Source: [Rakhechd and Soman (@).

Table 5. Coefficient of skewness of annual extreme series at selected stations

S.N. Station (State/Sub-division) No. of years Skewness
of record
1. Pasighat Arunachal Pradesh 50 0.75
2. Guwahati (Assam) 61 1.21
3. Sekoni (Assam) 58 1.39
4. Deemapur (Nagaland) 57 0.88
5. Berhampore (West Bengal) 70 1.28
6. Sambalpur (Orissa) 69 0.92
7. Deogarh (Bihar) 62 1.30
8. Darbhanga (Bihar) 68 1.00
9. Kundra (west U.P.) 69 0.91
10. Okhimmath (west U.P.) 68 1.28
11. Hydergarh (east U.P.) 68 0.65
12. Panipat (Haryana) 68 1.06
13. Dasuyia (Punjab) 70 1.66
14. Hamirpur (H.P.) 69 1.60
15. Kangra (H.P.) 62 0.59
16. Kothai (H.P.) 70 127
17. Baramula (J&K) 66 0.64
18. Shri Ranbir Singh Pura (J&K) 65 1.08
19. Barmer (west Rajasthan) 69 1.93
20. Bikaner (west Rajasthan) 69 1.00
21. Pali (east Rajasthan) 70 0.56
22. Phalodi (east Rajasthan) 69 2.30
23. Kota (east Rajasthan) 69 0.85
24. Sagar (M.P.) 70 1.08
25. Shahpur (M.P.) 66 1.27
26. Raipur (M.P.) 70 1.67
27. Janakpur (M.P.) 30 0.79
28. Bhuj (Gujarat) 70 2.86
29. Tharad (Gujarat) 69 1.60
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30. Dahanu (Maharashtra) 69 1.13
31. Brahmpuri (Maharashtra) 69 0.67
32. Nanded ( Maharashtra) 70 1.69
33. Chintalapudi (A.P.) 69 1.02
34. Borlan (A.P.) 46 1.15
35. Kodanur (A.P.) 45 0.81
36. Madurai (Tamil Nadu) 70 1.28
37. Mangalore (Karnataka) 70 1.64
38. Virajpet (Karnataka) 70 1.28
39. Bijapore (Karnataka) 70 1.28
40. Adur (Kerala) 70 0.74

Source: m (m).

India has been shown in Figure d] of Chapter [[l Figure [ shows the co efficient of
variation of monsoon rainfall in India.

3.6.2. Monthly Rainfall

The average monthly rainfall for selected stations in India is given in Table [1
As explained earlier, around 80% of annual rainfall is received in four monsoon
months at most places. Of interest here is high rainfall in winter months at stations
in Tamil Nadu.

Table [§] lists the normal monthly and annual rainfall at selected places in
Himalayas. Data given in this table are useful to get an idea of the spatial and
temporal variation in rainfall in this region.

3.6.3. Seasonal Rainfall

The winter season rainfall (January—February) of India has been shown in Figure
The pre-monsoon (March-May), monsoon (June-September) and post-monsoon
(October-December) rainfall of India have been presented in Figure [l [ and
respectively.

Further, the percent departure in all India summer monsoon rainfall for the period
1871 to 1990 has been plotted in Figure In the years 1877, 1899, 1918, and
1972, the deficit in rainfall was more than 20% while in 1917 and 1961, the percent
departure was close to 20%.

Table 9 gives seasonal normal values of rainfall for selected river basins in
India. Note that the duration of seasons in the table is not equal. Further, Table
gives the mean seasonal rainfall and annual rainfall for different meteorological
sub-divisions of the country.

On the basis of rainfall distribution and other meteorological parameters, the
country has been divided by IMD into different meteorologically homogeneous
subdivisions, as described in Chapter[[} Using rainfall data for the years 1891-1970,
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Figure 5. Coefficient of variation of monsoon rainfall

[Dhar and Rakhechd (1979) estimated the monthly and annual depth of rainfall on
different subdivisions for each of the years. Table [I0 gives the mean seasonal and
annual average rainfall depth obtained on the basis of 80 years of data for different
subdivisions. The amount of summer and winter monsoon rainfall expressed as
a percentage of annual rainfall and the coefficient of variability (CV) of annual
rainfall have also been included in the table. Among the different subdivisions of
the country the mean annual rainfall is highest in the Coastal Karnataka and lowest
in western Rajasthan. Low CV values are obtained over high rainfall regions and
high CV over low rainfall regions. The amount of seasonal rainfall during four
months of June to September is more than 75% of the annual rainfall in almost
all the subdivisions, excepting Assam, Jammu and Kashmir and some subdivisions
of peninsular India, lowest being for Tamil Nadu. The average annual rainfall for
the country on the basis of 80-year data has been estimated as 117 cm. The CV
was found to be 9.5% thereby indicating stable nature of Indian rainfall. Monthly,
seasonal and annual rainfall values for major river basins of the country using 50
years data are given in Table [[1]
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PEILLAAT T,

Figure 6. Map of Winter Season Rainfall of India (January—February)

Although India is endowed with abundant renewable water resources, the avail-
ability in time is restricted to a period of 4 months of the southwest monsoon
season. Above 80-90% of the flow in the rivers is confined to the southwest
monsoon season. For the rest of the year, except for snow fed rivers there is
inadequate flow in the rivers. Further, the distribution of rainfall varies widely
from one part of the country to another. These factors limit the scope for easy
management of water resources. One way to make an efficient use of the available
water resources is by the conservation of the monsoon flow through storage
Ireservoirs.

Using long period rainfall data, several workers have estimated the mean depth

of rainfall for various regions and river basins. IMD (1970d; [1971; [1977) has

calculated the mean monthly and annual values of rainfall for different basins.

Figure 7. Map of Pre-Monsoon Season Rainfall of India
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Figure 8. Map of Monsoon Season Rainfall of India

Using rainfall data of stations for the period 1901-1 950[mD M) has published a
comprehensive Rainfall Atlas of India, which contains 98 maps on different aspects
of rainfall distribution.

3.6.4. High Rainfall

Cherrapunji is located in the northeastern part of our country in the Khasi hills on
the Shillong plateau. It is known all over the world for a heavy rainfall — an average
of about 1,143 cm in a year, second only to 1,168 cm recorded in Hawaii. In the
year 1860-61, Cherrapunji had the highest recorded total rainfall in a twelve month
period — 2,647 cm. Also, a record rain of 930 cm fell in a month in July 1861.

Figure 9. Map of Post Monsoon Season Rainfall of India. (October-December)



114

Mean R=852'4 mm

5td = 847 mm

Cv = 99 percent

Chapter 3

25

0

{187 1

1892
(LEH
183
1834

78

1911'
'i933

1510 5[

1956

1942
5&]7

1361

1976

9?9 1870

1386

R+Std

l"l M |

o

w

i

i
W

LN

Rainfall (per dep)

-25L

1899

-30

- 35

1877

1905

1928
!9“

1920

1918

1551

1368

s 1974

1965

hs?

1587

R-5td

1870

1
1880

1900

1920

Year

1940

Figure 10. All India summer monsoon rainfall 1871-1990

1960

i
1980

2000

The observed maximum rainfall events of the world for selected durations are
given in Table[I2] It is seen from this table that for durations of 15 days and higher,

Table 9. Table showing seasonal normals of rainfall (cm) for major river basins of India

River basin Jan-Feb Mar—May Jun—Sep Oct-Dec
Rainfall ~ No. of Rainfall ~ No. of Rainfall No.of Rainfall No.of
1(cm) rainy 1(cm) rainy I(cm)  rainy I(cm)  rainy

days days days days

Indus 12.6 8 13.8 9 56.4 25 59 4

Brahmaputra 54 5 56.6 31 188.7 67 18.0 9

Ganga 4.0 3 7.8 5 97.3 41 6.7 3

Narmada 29 1 2.7 5 110.8 36 6.7 8

Godavari 3.6 2 53 5 95.9 47 12.3 6

Mahanadi 4.0 3 73 6 120.5 54 10.4 6

Tapi 1.6 1 2.0 2 68.9 39 7.2 4

Cauvery 3.0 2 18.3 11 64.0 33 34.5 19

Mahi & 0.5 0 1.1 1 80.3 35 2.1 1

Sabarmati

Luni 0.9 1 1.4 1 373 17 0.9 1

Source: m @)-
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Table 10. Mean seasonal and annual rainfall (cm) for different sub-divisions of India using data of
period 1891 to 1970

Sub-divisions Jan— Mar— Jun— Oct— Annual % of annual CV

Feb May Sep Dec

Jun-Sep  Oct-Dec

North Assam 5.3 57.7 149.7 15.4 228.1 66 7 11
South Assam 5.5 73.4 180.8 23.6 283.3 64 8 11
Sub-Himalayan west 2.8 42.5 219.1 15.5 279.9 78 5 15
Bengal
Gangetic west 3.6 17.4 107.8 13.1 141.9 76 9 15
Bengal
Orissa 3.8 12.7 112.5 19.6 148.6 76 13 14
Bihar Plateau 4.6 8.9 1104 9.7 133.6 83 7 13
Bihar Plains 32 7.2 101.6 7. 119.2 85 6 16
East Uttar Pradesh 3.3 3.0 89.4 5.9 101.6 88 6 20
West Uttar Pradesh 5.3 43 88.3 5.1 103.0 86 5 19
Haryana, 3.6 2.9 45.7 2.5 54.7 83 5 28
Chandigarh & Delhi
Punjab 5.9 4.8 47.9 34 62.0 77 5 34
Himachal Pradesh 16.5 15.2 134.5 8.3 174.5 77 5 21
Jammu & Kashmir 17.2 22.6 50.6 9.3 99.7 51 9 22
West Rajasthan 0.9 1.5 27.0 0.9 30.3 89 3 40
East Rajasthan 1.4 1.8 61.5 2.4 67.1 92 3 23
West Madhya 22 2.1 94.0 5.0 103.3 91 5 20
Pradesh
East Madhya 3.8 4.8 119.3 7.3 135.2 88 5 15
Pradesh
Gujarat 0.4 0.9 92.2 3.1 96.6 95 0.3 29
Saurashtra & Kutch 0.3 0.9 48.9 2.1 52.2 94 4 37
Konkan 0.3 34 276.5 13.4 293.6 94 5 18
Madhya 0.5 4.2 85.3 10.4 100.4 85 10 23
Maharashtra
Marathwada 1.2 3.5 70.1 7.9 82.7 85 9 25
Vidarbha 2.5 3.6 93.8 7.2 107.1 87 7 19
Coastal Andhra 1.9 8.4 57.7 31.5 99.5 58 32 18
Pradesh
Telangana 1.5 5.6 74.5 9.5 91.1 82 10 21
Rayalseema 1.2 7.5 38.2 20.8 67.7 56 31 20
Tamil Nadu 4.6 14.3 34.6 47.1 100.6 34 47 14
Coastal Karnataka 0.3 16.7 289.7 26.1 332.8 87 8 15
North Interior 0.5 9.5 46.7 14.6 71.3 65 20 19
Karnataka
South Interior 0.8 16.8 74.4 22.5 114.5 65 20 20
Karnataka
Kerala 0.3 40.8 200.5 50.3 294.9 68 17 14
India as a whole 3.9 12.4 89.0 11.9 117.2 76 10 10

Source: [Rakhecha & Somar (1993).
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Table 12. Observed extreme rainfall events of the world

Location Date Rainfall depth Duration
(cm)
Plumb Point, Jamaica May 12, 1916 19.8 15 min
Belouve, Reunion Feb. 28, 1964 108.7 9 hrs
Belouve, Reunion Feb. 28-29, 1964 134.0 12 hrs
Cilaos, Reunion Mar. 15-16, 1952 187.0 1 day
Cilaos, Reunion Mar. 15-17, 1952 250.0 2 days
Cilaos, Reunion Mar. 15-18, 1952 324.0 3 days
Cherrapunji, India Sept. 12-15, 1974 372.1 4 days
Cilaos, Reunion Mar. 13-18, 1952 385.4 5 days
Cherrapunji, India June 24-30, 1931 479.8 15 days
Cherrapunji, India July 1861 930.0 31 days
Cherrapunji, India May—July 1861 1,637.0 3 months
Cherrapunji, India Apr.—Sept. 1861 2,245.0 6 months
Cherrapunji, India Aug. 1860-July 1861 2,646.0 1 year
Cherrapunji, India 1860-1861 4,077.0 2 years

Source: Singh (1982).

Cherrapunji, India, has the world record of the highest rainfall. This station received
4,077 cm of rainfall during 1860-61.

Based on the rainfall records available for different raingauge stations in the world
(IS_uh]:aman;Ld, ll_%AI), a list of world’s greatest recorded rainfall of various durations
can be assembled. While plotting this data on a log-log paper an enveloping straight
line drawn to the plotted points obeys the following equation:

P, =42.16D% (8)

where P, is the extreme rainfall depth in cm, and D is the duration in hours. The
results of the above equations are useful for the PMP estimation.

Large parts of India receive heavy rainfalls associated with certain meteorological
situations. Rainfall by a depression can be as high as 30 to 40 cm a day. Information
regarding the greatest rainfall for a particular duration that has occurred or is likely
to occur at a place is of great practical utility in the design of hydraulic structures. It
enables the designer in evaluating the largest quantity of water that will be caught
over an area from which he can derive the amount of water that will run off,
depending upon the land characteristics.

Several workers have studied rainfall records to determine the magnitude of the
largest rainfall that had occurred over different stations. Using daily rainfall data of
about 300 stations from 1875 to 1982,@ (@) prepared a generalized map
of the highest point rainfall for 24 hours duration in India. Figures [Tl [2] [[3] give
the highest 1-day, 2-day, and 3-day rainfall for India. These maps give information
about the maximum rainfall that can be expected over small areas in any part of
the country.
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Figure 11. Highest 1-day rainfall for India

3.6.5. Severe Rainstorms Over India

Normally, in India severe rainstorms are associated with meteorological systems,
such as active low pressure areas, depressions and cyclonic storms. Generally these
systems originate from the neighboring seas of the Bay of Bengal and the Arabian
Sea and after crossing the respective coastal areas these move inland. Their lifespan
is, on average, 3 to 6 days over land. Associated with these disturbances heavy
to very heavy rainfall occurs over a wide area of the country through with which
these disturbances travel. Generally the duration of a rainstorm over a given area
of region associated with these disturbances is of the order of about 2 to 3 days.

During the period of 110 years from 1880 to 1990, about 97 severe rainstorms
of 2 to 3 days duration affected the country. Their distribution over different states
of the country is given in Table [[3l Figure [[4 shows the tracks of cyclonic storms
from 1891-1960 for the July month.



120 Chapter 3

o=

- L
%* 4!

< Ay

1y

N}

r a

Scale
[l 200  400km

holapu ——e———Vishdk

16} N Tderabag 7

/.
N
AY “ :' _I\_ —
Legend e al_“
12k @120 m Hodlorely| [fChennal .
EJ20-40em
&0—60 cm ]
[II0se0-80 cm e
oL [>s0em = o i
3 Tn\u:n'\dru:'nl nk i : ;
72° 76° 80° 84° 88° 92°E

Figure 12. Highest 2-day rainfall for India

The break up of meteorological disturbances which caused these 97 severe
rainstorms is given in Table [4

Figure gives the tracks of cyclones in the month of October and Figure
gives similar map for the month of November.

3.6.6. Precipitation Distribution in Mountainous Areas

Mountains have a strong impact on spatial distribution of precipitation. Knowledge
of precipitation distribution is a basic and important requirement for planning and
managing water resources, simulation of runoff and preparation of precipitation
maps of the basin/region. In large mountainous basins, weather systems interact with
topography and result in highly non-uniform precipitation. The uplift of moisture-
laden air currents striking against a mountainous barrier provides good rainfall on
the windward side. Gradients in the amount and intensity of precipitation depend
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Figure 13. Highest 3-day rainfall for India

upon several factors, such as topography, strength of moisture bearing wind, its
moisture content and orientation of the mountain range with respect to the prevailing
wind direction. Depending on the relief of a mountain, there may not be continuous
increase in precipitation with altitude: above a particular altitude, it may begin to
decrease.

A summary of important precipitation distribution studies carried out in
Himalayas is given in Table The precipitation distribution for Himalayas is
poorly known as compared with many other mountains of the world. m
(1993) and [Singh and Kumail (1997) studied the distribution of precipitation with
altitude for some important basins in the western Himalayan region, encompassing
the outer, middle and greater Himalayan ranges.

These studies show that rainfall increases linearly with elevation for basins in the
outer Himalayan range. In some cases, more number of rainy days are responsible
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Table 13. Distribution of past severe rainstorms over India

States/Union Pre-Monsoon ~ Monsoon Post- Row
SN .
Territory Monsoon sum
May Jun Jul Aug  Sep Oct  Nov
1 Andhra Pradesh 1 - 2 1 3 2 - 9
2 Bihar - 2 1 1 2 2 - 8
3 Gujarat - 2 6 1 - - - 9
4 Punjab & Haryana - - - 1 4 1 - 6
5 Karnataka 1 - 1 1 5 1 9
6 Madhya Pradesh - 3 3 8 1 - - 15
7 Mabharashtra - 4 2 5 1 - - 12
8 Orissa - 3 2 2 1 - - 8
9 Rajasthan - 1 4 - - - - 5
10 Tamil Nadu 1 - - - - - - 1
11 Uttar Pradesh - - 1 4 1 - 8
12 West Bengal - 2 1 1 2 2 - 8
Total 3 16 23 23 24 7 1 97
Table 14. Details of meteorological disturbances which have caused severe rainstorms
SN Cause of rainstorms Number
1 Severe cyclonic storms 14
2 Cyclonic storms 19
3 Depressions 40
4 Low pressure areas and other weather disturbances 24
Total 97

for higher rainfall at higher altitudes, while in some cases higher rain intensity is
responsible for increasing rainfall with altitude in the outer Himalayan range.

The middle Himalayan range of the Beas basin has exceptionally heavy rainfall on
the windward side and much less (less than half) rain on the leeward side. Rainfall
gradients are 106 mm/100 m on windward and 13 mm/100m on leeward of this
range. Dharamshala, located on the windward side, experiences exceptionally heavy
rainfall (average 1,972 mm) during the monsoon season due to the orographic effect.
A sudden rise in the altitude of the middle Himalayan range near Dharamshala
behaves as a giant mountain barrier and increases rainfall very significantly on the
windward side of this range.

Different trends of rainfall variation with elevation are observed in different
seasons in the middle Himalayan range with a linear increase in annual rainfall.
Seasonal analysis indicates that rainfall varies linearly with altitude for the post-
monsoon and monsoon seasons in the middle Himalayan range; annual rainfall also
follows a similar distribution. But, for winter and pre-monsoon seasons, rainfall first
increases and then decreases after a certain elevation. A second-order polynomial fits
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Figure 14. Tracks of cyclonic storms from 1891-1960

reasonably well for these two seasons. There is little rain in the greater Himalayan
range because most of the moisture is precipitated over the outer and middle
Himalayan ranges.

Rainfall follows an exponentially decreasing trend with altitude in the greater
Himalayan range. The average annual rainfall decreases from outer Himalayas to
greater Himalayas in the Satluj basin. In greater Himalayas, it is about one-sixth of
outer Himalayas rainfall. The maximum rainfall occurs in the middle Himalayan
range in the Beas basin. Spatial correlation is higher in the outer Himalayas range
than in other ranges, which may be because of lesser relief in the outer Himalayan
range than in other ranges.

Snowfall increases linearly with elevation in greater Himalayas. Snowfall
gradients for the Spiti and Baspa sub-basins are 43 mm/100 m and 10 mm/100 m,
respectively. The ratio of snowfall to annual precipitation varies linearly with
altitude. All station records show more than 60% snow contribution to annual
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Figure 16. Tracks of cyclones in the month of November

precipitation. An extrapolation of the relationship indicates that snow and rain
contribute equally at about 2,000 m, and all the precipitation occurs as snow above
5,000 m.

An evaluation of seasonal contribution to the annual rainfall suggests that
monsoon rainfall contributes most to the annual rainfall, 45-71% in the Satluj basin,
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and 39-71% in the Beas basin, over all Himalayan ranges, as shown in Table [I6]
and [[71 Minimum rainfall occurs in the post-monsoon season in the outer and
middle Himalayas because of the lower moisture content in this season. But, in the
greater Himalayan range, minimum rainfall is in winter because most of the precip-
itation falls as snow over this range. The contribution of pre-monsoon rainfall to
annual rainfall increases from outer Himalayas to greater Himalayas and becomes
significant to annual rainfall in the greater Himalayan range. Winter rainfall is also
significant in the middle Himalayan range for both basins.

Spatial correlation function

Spatial correlation of rainfall appears to be higher in outer Himalayas than in other
ranges. It may be because of lesser relief in the outer Himalayan ranges compared
with middle and greater Himalayan ranges. Spatial correlation of rainfall is better on
the leeward side than on the windward side in the middle Himalayan range. A study
of spatial correlation for annual rainfall and snowfall for both Satluj and Beas basins
revealed that spatial correlation functions followed an exponential form:

r(d) =r(0) exp(—d/d,) )

Table 15. Summary of some important world-wide precipitation distribution studies

Authors/ Study area/basin Type of Relationship with ~ Other specific
reference precipitation altitude/gradients  conclusions
Central Himalayas Rain polynomial of 4th  Maximum rainfall
(Nepal Himalayas) degree occurs at
Rakhecha (198 1) 2,000-2,400m
—_— Nepal Himalayas Rain - Rainfall decreased
Higuchi et al. with altitude in the
) range from
2,800-4,500 m
—_— Chenab basins, Rain, snow Second order Spill over effect
Singh et al. (1994; western Himalayas polynomial for was noticed in the
) annual rainfall on  outer Himalayas.
windward of outer Maximum rainfall
Himalayas, was in the outer
windward and Himalayas

lee-ward of middle
Himalayas. Linear
increase on
leeward of outer
Himalayas and
exponential
decrease in the
greater Himalayas.
Linear increase in
snow with altitude.

(Continued)
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Table 15. (Continued)

Chapter 3

Authors/ Study area/basin Type of Relationship with Other specific
reference precipitation altitude/gradients conclusions
Satluj and Beas Rain, snow Rainfall increase

Singh and Kumar

9l

basins, western
Himalayas

linearly in outer
Himalayas. In the
middle Himalayas
second order
polynomial trends
for winter and
pre-monsoon, and
linear increase for
post monsoon and
monsoon seasons.
Rainfall
exponentially
decreases in

greater Himalayas.

Source: Adapted fromm M)

Table 16. Seasonal distribution of average rainfall in different ranges of Himalayas in the Satluj basin

Himalayan Side
range

Rainfall (mm)

Winter Pre-monsoon  monsoon Post-monsoon  Annual
Outer Windward 155 (10.9%) 146 (10.3%) 1,010 (71.3%) 105 (7.4%) 1,416
Leeward 172 (14.3%) 201 (16.7%) 725 (60.3%) 106 (8.8%) 1,203
Average 164 (12.5%) 174 (13.3%) 868 (66.2%) 106 (8.0%) 1,312
Middle Leeward 209 (28.0%) 128 (17.2%) 336 (45.0%) 73 (9.8%) 746
Greater Leeward 6 (3.0%) 75 (37.5%) 105 (52.5%) 14 (7.0%) 200

Source: m (m).

Table 17. Seasonal distribution of average rainfall in different ranges of Himalayas in the Beas basin

Himalayan Side
range

Rainfall (mm)

Monsoon

Post-monsoon

Annual

Winter Pre-monsoon

Outer Leeward 179 (12.8%) 148 (10.6%)
Middle Windward 346 (13.6%) 323 (12.7%)
Leeward 327 (31.1%) 210 (19.9%)

Average 337 (18.7%) 267 (14.8%)

1,740 (68.3%)

1,077 (59.8%)

985 (70.6%)

413 (39.2%)

83 (5.9%) 1,395
140 (5.5%) 2,549
102 (9.7%) 1,052
121 (6.7%) 1,801

Source: m (m).
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Table 18. Spatial correlation function for different Himalayan ranges of Satluj and Beas basins

Basin Himalayan Type of Spatial correlation function Distance for
range precip. r=0.75

Spiti sub-basin Greater Snow r(d) = 1.200 exp(—0.0277d) 17 km
(Leeward)

Baspa sub-basin  Greater Snow r(d) = 1.039exp(—0.0280d) 12km
(Leeward)

Beas Outer Rain r(d) = 0.877 exp(—0.0035d) 43 km
(Leeward)
Middle Rain r(d) = 1.231exp(—0.0441d) 5km
(Leeward)
Middle Rain r(d) = 0.851exp(—0.0037d) 34km
(Leeward)

Source: m @)

where r(d) is the spatial correlation coefficient, d is the distance between two stations
and d, is the correlation radius (the distance at which the correlation reduces e times)
and r(0) is the correlation function at zero distance). Correlation coefficient (r) for
rainfall and snowfall series as determined for different ranges. Spatial correlation
functions obtained for different ranges and types of precipitation, and distance for
which spatial correlation coefficient is greater than 0.75 are given in Table [[8]

3.6.7. Variation of Precipitation with Elevation

Dhar and Bhattacharya (1977) studied the variation of precipitation with elevation
in central Himalayas and a relationship between precipitation and elevation was
obtained using 15 to 20 years data of more than 50 stations in this region. It was
found that there are two zones of maximum precipitation: one near the foot of the
Himalayas and other at an elevation of 2.0 to 2.4 km. For higher elevations beyond
2.4km, precipitation was found to decrease sharply as one move across central
Himalayas.

Statistically significant relationships between annual rainfall and elevation have
been derived for some parts of the lesser Himalayas. However, such relationships
have only a local predictive value and hold for a certain range in altitude. Above
a critical elevation (2,500-3,500 m), a reduction in precipitation is observed. North
of the Greater Himalayas, precipitation decreases rapidly to less than 500 mm
annually. Equally low amounts of precipitation have been reported for Tibetan
Plateau. The annual precipitation at Lhasa has been reported to be 350 mm. A
similar overall pattern was observed for the Kumaon and Garhwal Himalayas where
annual precipitation of 2,000 mm was reported.

Upadhyay and Bahadur (1982) carried out a study of the variation of precipitation
in Himalayas. The Himalayas Mountain system was conceived to be constituted of
three parallel longitudinal ranges:
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1. The outer Himalayas or Shiwalik ranges with a height from 1,000-1,300 m and
width from 10 to 50 km.
2. The lesser or middle Himalayas with a height ranging from 2,000-3,300 m and
width between 60 to 80 km.
3. The greater Himalayas with a height of 6,100m and average width of about
200 km.
Data of rainfall from seven sub-regions in Western Himalayas having homogeneous
topographic aspects were used to study the variation of precipitation with altitude.
Table [[9 shows the annual precipitation in different sub-zones. It has been seen that
the precipitation gradient decreases or even becomes negative when a considerable
increase of wind speed occurs with increasing elevation; this partly explains the
decrease of precipitation after a certain elevation in the Himalayas. This elevation
is noticed to be generally around 2,000 m.
Based on the study, it was found that participation is influenced by altitude in
three ways:

Table 19. Variation of precipitation with altitude

Station Latitude (N) Longitude (E) Height (m) Annual precipitation
(cm)
Kangra 32°06 76°15 733 196.6
Palampur 32°7 76°32 1,250 263.7
Dharamsala 32°13 76°19 1,387 300.9
Doon Valley
Dehradun 30°19 78°02' 679 207.5
Raipur 30°18' 78°05' 750 209.7
Rajpur 30°24' 78°05' 914 300.7
Mussoorie 30°27 78°05' 2,042 247.0
Almora 29°36 79°40 1,572 105.4
Ranikhet 29°38' 79°26 1,810 133.7
Mukteshwar 29°28 79°39 2,311 132.5
Kumaon Region
Haldwani 29°13 79°31' 440 199.5
Kathgodam 29°17 79°32 513 209.2
Nainital 29°3 79°27 1,934 253.9
Joshimath 30°16 79°15' 769 142.3
Ukhimath 30°30 79°15 1,220 201.1
Birangkhal 30°15 69°15' 1,530 122.8
Joshimath 30°33 79°35 1,840 95.4
Kulu 31°57 77°7 1,215 100.6
Benjar 31°38 77°20' 1,524 110.6
Kathoi 31°1'8 77°32 1,608 101.2
Keylong 32°35 77°4 3,166 61.4
Ksauli 30°53 76°58' 1,844 163.7
Kotgarh 31°18 77°29 1,949 115.3

Shimla 31°06'10 77°10 2,202 159.0
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1. The amount of precipitation increases with altitude up to a certain level and
decreases thereafter. The level of maximum varies greatly from place to place
depending on local topography. It is generally observed to be between altitudes
of 1,500 to 2,500 m.

2. Average variability of precipitation generally increases with elevation.

3. At higher altitudes, the period of maximum precipitation is generally earlier than

___that on foothills.

Rao (@) has provided data of the variation of precipitation with elevation in the

Beas catchment which is given in Table

Table 20. Variation of Precipitation with Elevation in Beas Catchment

Station Elevation (m) Mean annual Standard Coeff. of
precipitation deviation variation %
(cm)
Dharamsala 1,211 366 184 54
Palampur 1,217 256 96 38
Hamirpur 786 142 55 40
Kangra 701 196 53 27
Kulu 1,236 100 30 30
Mandi 752 157 25 16
Jogindernagar 1,221 223 56 25
Sundernagar 1,193 159 27 17
Banjar 1,522 109 28 26

3.7. RAIN STORM ANALYSIS

Hydrometeorological analysis of severe rainstorms is important for planning and
designing water resources projects. In the absence of actual records of stream
flow, rainfall data are useful for assessing the flood potentialities as well as the
design flood of a project. The information required is the depth of rain which
falls in different durations of time and over specified area. A rainstorm has three
hydrologic dimensions and their relationships are of vital importance for assessing
flood potential of a region. These are Depth-Area-Duration (DAD) curves.

Rainfall data are employed to estimate the design storm for use with a suitable
rainfall runoff model to estimate design flood. Rainstorm analysis is a first step in
the design storm estimation procedure. The design storm (rainfall) is a magnitude of
rainfall and its distribution, which is developed for the design of hydraulic structures.
It has three components, namely, the rainfall amount, the areal distribution of
rainfall, and the time distribution of rainfall. The duration of design rainfall is
determined, considering the size of the drainage basin, duration of the flood, and
the type of structures.
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3.7.1. Types of Design Storms

Design storms are derived on the basis of (i) statistical analysis and (ii) physical
approach. Two types of storms are considered for design purposes. They are the
Probable Maximum Precipitation (PMP) and the Standard Project Storm (SPS).
The PMP is defined as “the theoretically greatest depth of precipitation for a

iven duration that is physically possible over a given station or a specified area”
m, @). Estimates of PMP for different durations over an area are required to
calculate the probable maximum flood (PMF) hydrograph. The use of PMP or SPS
depends upon the degree of safety required for the structure. The PMP is an estimate
of the greatest depth of rainfall for a given duration that is physically possible
over a drainage basin. The PMF hydrograph is used in the design of spillways of
large dams. According to prevailing norms, the major reservoirs with a capacity of
60 million m® and more should be designed for PMF derived from PMP. SPS is
defined as that rainstorm which is reasonably capable of occurring in the region of
the problem basin. It is generally the most severe rainstorm which has occurred in
the region of the basin.

Design storm

Abnormally high floods with very low probability of occurrence are caused by
extreme storms. Consequently, flood flow estimates have to be based on data of
extreme rainfall events. Extreme rainfall events are few and to enable consideration
of not only the storms which have occurred over the catchment but also those which
could have occurred, methods based on transposition of storms, transposition of
depth-area-duration relationships and maximization of storms have been developed.

For maximization of storms, methods of moisture maximization and spatial
maximization are employed. Moisture maximization attempts to estimate the
maximum possible moisture content of the air mass at a given location, temperature
and humidity and purports to represent the upper estimate of the possible depth of
precipitation. Usually rain storm efficiency is less than 25% and all the moisture
flowing into the storm region is not precipitated. Actual precipitation is always
much smaller. This gave rise to the concept of “maximum possible precipitation”
but it needs to be highlighted that data available on extremes are few and the
process causing such events is still poorly understood. The term probable maximum
precipitation (PMP) has come into wide use but it does not mean that precipitation
exceeding PMP cannot take place. Cost of protection from the maximum possible
flood (if such a flood existed) would be too high to justify the project and hence a
lower level of protection is generally accepted. Therefore, terms PMP and probable
maximum flood (PMF) are now generally understood to cover this lower level of
protection. Of course, this lower level may vary from project to project and country
to country.

Rationalization of PMP procedures

The assumptions made or implied in storm transposition and moisture maximization
procedures may be valid for extra tropical regions where precipitation is chiefly
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due to fronts (warm moist air rising over cold dry air). In a semi-arid country, such
as India where severe rainfall storms are invariably associated with low-pressure
systems such as depressions and cyclones in combination with other rain causing
phenomena, validity of the assumption of pseudo-adiabatic atmosphere is often
questioned.

The storm transposition and maximization method has thus serious limitations
in its application to catchments in India. An alternative method to arrive at PMP
estimates is a statistical procedure developed by [Hershfield and Wilson (I_L%ﬂ and
modified by [Dhar et all (1983) to suit the prevailing conditions in India.

) have noted that the procedure is used mostly for making quick estimates
for basins of no more than 1,000 km? but has been used for much larger areas.
Indian Institute of Tropical Meteorology m,@) has published the atlas giving
isolines of 1-day PMP values estimated by this statistical procedure. By using
depth-area relationships based on Indian data, the point PMP values can be adjusted
to various sizes of catchment areas.

Dhar & Nandargi (1989) have documented severe rainfall storms of 1-day, 2-day
and 3-day durations and presented Depth-Area envelope curves for 13 plain regions
of the country. These can be converted into percent depth-area curves for use with
atlas to obtain areal 1-day, 2-day and 3-day PMP values. The methods by Dhar
et al. (1983) with IITM atlas gives reasonable PMP values comparable to those
obtained by the traditional meteorological method for catchments of area not more
than 10,000 km”. Most of the dams in the country have catchment areas less than
10,000 km”. In-depth storm and flood studies are necessary for dams with large
catchment areas, such as Narmada Sagar.

Temporal distribution of design storm rainfall

Procedure for arriving at temporal distribution of severe rainfall storms has been
reviewed by@ (ﬁ) who concluded that the effect of chronological distribution
of PMP on PMF hydrograph peak and shape would be large and hence needs
serious consideration. To arrive at a realistic chronological distribution of PMP,
the following principles enunciated inWwMd (@) for estimation of PMP may be
followed:

1. The sequence should be in accordance with the storm characteristics of the area.
A study of self-recording rain gauge data of severe storms indicated that heavy
rainfall spells generally vary from 9 to 18 hrs with a clear break from the next
spell. Patterns of chronological distribution with “one bell” for each day of the
storm is thus realistic and may be adopted for catchments in India.

2. The sequence should be such that the maximum summation of increments for
any given duration may be less than or equal to but not more than the PMP for
the same duration.

3. Increments of rainfall should be areal and not point values. Temporal distri-
bution provided by IMD as percentages of 24-hour point rainfall obtained from
maximum rainfall depth duration data by fitting the mean curve (or envelope if
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conservative values are desirable) may be corrected for the area by multiplying
with an appropriate correction factor.
On the basis of data from 12 dense networks, @ (@) concluded that it is
possible to represent the relationship between areal-point rainfall ratio (P), area A
(sq. km) and duration T (hours) as:

P = exp(—A"¥ /11" T%) (10)

[Rad (@) recommended that eq. (I0) may be adopted for applying the areal
correction to the temporal distribution pattern of point rainfall or adopt the simpler
chronological distribution pattern of “one rectangle” instead of “one bell” for each
day of PMS.

3.7.2. Storm Selection and Analysis

The first step in the rainstorm analysis is a thorough understanding of the meteo-
rology of large storms in the region of analysis. This requires a detailed study of the
synoptic and dynamic features of all major storms. A judicious selection of a few
storms, which are representative of the whole catchment, needs to be made. Before
deciding the appropriate storm depth for design purposes, either basin centered or
storm centered storm analysis is carried out.

By reviewing relevant records, such as daily or multi-hourly rainfall data,
depression/ storm tracks, recent and historical storm details, and flood data, a prelim-
inary selection of storm is made. Based on these, a list of all rain periods is made. The
next step is to fix an appropriate threshold value for storm selection after considering
the following:

e If the catchment lies in a semi-arid region a lower depth of rainfall is adopted
as a threshold while a higher depth is adopted for humid regions. A suitable
threshold would be 5 cm in humid regions and 2.5 cm in semi-arid regions.

e For smaller catchments, a higher threshold and for larger catchments, a smaller
threshold is used. An average catchment depth of 10cm for catchment areas up
to 5,000 km?, 5 to 8 cm for catchment areas between 5,000 and 10,000 km?, and
5cm for catchment areas greater than 10,000 km” may be appropriate.

For the storms periods listed, the average rainfall using data of stations located

within and around the basin is determined and compared with the threshold value.

All the storms whose daily depth equals or exceeds the threshold are considered

for further analysis.

For the short listed storms, isohyetal maps are prepared. The scale generally used
for the isohyetal maps is 1 cm = 10 km. A common practice is to prepare total
storm depth maps of 1 day, 2 days, and 3 days, depending on the storm duration
and requirement of design storm duration. Where the movement of storm over
elongated catchments is involved, daily isohyetal maps may have to be prepared.

The design storm studies by [Rakhecha & Somar (1992) revealed that in the
most severe 3-day rainstorm, 50% of basin rainfall is obtained on the heaviest of
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the 3 days, 30% on the second heaviest day, and only 20% on the third day. Further,
3-day maximum basin rain depths varies from 20-30% in many basins, thereby
showing that more than one fifths of the annual rainfall over a basin can occur
in the course of three days. The spillway design storm of a river basin does not
depend upon the mean annual rainfall, as a low annual rainfall basin could have
high design storm and vice versa.

3.7.3. Estimation of PMP

Two main approaches are followed to estimate PMP. The first is the physical
approach in which PMP is derived by analysis of a number of major rainstorms in
and near the basin and then transposing the severest storm pattern over the basin to
obtain the maximum rain depths for different durations. The transposed rain depths
are then adjusted for moisture maximization. The areal rainfall values are adjusted
to the highest amount of moisture index corresponding to a maximum persisting
dew point temperature. [Rakhecha et all (1990) have given generalized maps of
highest 24-hour persisting dew point temperatures for individual months in June to
%erd% for India. The PMP estimation by the physical method is described in
).

The second approach is a statistical procedure in which PMP at a particular
location is determined from frequency analysis of the annual maximum rainfall.
Normally, the Gumbel or the log-normal distribution is used. A statistical method
for estimating PMP for small areas was developed by [Hershfield (1961, [1963) by
using Chow’s general frequency equation in a modified form:

X, =X+k,0o (11)
km = (Xl _Ynfl)/o-nfl (12)

where X, is the PMP rainfall for a given station for specific duration; k is the
frequency factor and X,; X, and o are, respectively, the highest, mean and standard
deviation for a series of n annual maximum rainfall values of a given duration;

and X o,_, are, respectively, the mean and standard deviation for this series

n—1> Yn
excluding the highest value from the series. [Dhar and Kulkarni (1974) applied the

Hershfield method to about 1,000 stations having long period rainfall data in the
plains of North India and prepared a generalized map of PMP for 1-day duration.
The generalized one-day PMP distribution for India is shown in Figure [[7]

The Indian Institute of Tropical Meteorology m, @) has published an atlas
containing generalized charts of PMP estimates based on the Hershfield method for
1-day duration for different states of India. The 1-day PMP for stations in different
states of India varies between 30 and 110 cm.

For design purposes, hydrologists also need PMP values for rainstorms of two
to three days as synoptic scale disturbances, which cause heavy rainfall over India
during monsoons lasting for 2 to 3 days. [Rakhechd (@) carried out a study
on the estimation of PMP for 2-day duration for stations in the Indian peninsula




134 Chapter 3

9}6 * .
36+ 136
32} 32
i “z}

-‘ ]’
24} k44 1l
:f%f BURMA
' -l
2d} . 420"
)
Y . I il A 16°
'S ‘ ) e B A Y

® \
araBI AN NN\ &)Y \s BEON(;:AL
S EA OV 4 - 1%

& |MPORTANT STATIONS
1= DAY PUP [ cm)

o= W0 10 Sowe

Ny
L)

L 1 L L. Lo
72 76" 80" B B8 92

Figure 17. Generalized one day probable maximum precipitation map

lying between 8° to 20°N. A generalized map showing the spatial distribution
of 2-day PMP is shown in Figure The 2-day PMP estimates over the Indian
peninsula varied from 40 to 95 cm and the average ratio of 2-day PMP to the highest
observed 2-day rainfall was 1.76.

3.74. Depth-Duration and Depth-Area-Duration Analysis

Data on volumes of precipitation during severe storms is important to examine
and study storms suitable for design. Such information is generally presented in
the form of maximum average depth of storm precipitation over various areas,
such as 100 km?, 500 km?, etc. and is known as Depth-Area-Duration (DAD) data.
The DAD data is presented in tabular as well as graphical form. )
recommends Depth-Duration (D-D) and DAD for storm analysis.
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Design storm depths for different durations are obtained by DD or DAD analysis
of severe rainstorms in and around a river basin on the basis of 70-80 years of
rainfall data. Estimates of PMP for the catchments are obtained by storm trans-
position and moisture maximization techniques. Frequencies of maximum rainfall
of different durations are also worked out by extreme value techniques. The DD
analysis is carried out using the boundary of the catchment up to a desired site to
estimate storm depths over the catchment for both in-situ and transposed storms.
The average depths of precipitation for different durations, 1 day, 2 days, and
3 days, etc. are computed in the same way as in the case of the isohyetal method.
These depths for different durations constitute the DD data.

Where a good network of recording raingauges is available, the DD analysis
could be performed for shorter duration (1-hr, 3-hr, 6-hr, 12-hr, etc.) rainfalls.
Alternatively, analysis can be performed by distributing rainfall observed at non-
recording stations using the data of nearby representative SRRG station. The storm
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Figure 19. One day storm isohyetal map of 30 August 1982 over Lower Mahanadi

centered DAD analysis for the total one-day storm isohyetal map of 30th August
1982 storm (shown in Figure [[9)) is presented in Table 211
The DAD analysis is carried out using data of storms which have occurred over
different regions and for principal flood seasons. This analysis aims at determining
the maximum depth of precipitation for various size areas during storm periods
of 1-day, 2-days, 3-days durations. Such values, when determined for each of the
transposable storms, provide the requisite data for estimation of the design storm.
The steps of DAD analysis are given below:

Table 21. Depth-Area-Duration analysis computation for one-day storm (30.08.1982)

Isohyetal  Area Area in Net Average  Volume in mm * km? Average
value planimetered ~ km? Area in depth rainfall
(point) in cm? km? (mm) depth
Increment  Cumulative

488 - - - - - - 488.0
450 134 1,340 1,340 469 628,460 628,460 469.0
400 38.1 3,810 2,470 425 1,049,750 1,678,210 440.5
300 91.2 9,120 5,310 350 1,858,500 3,536,710 387.8
200 177.1 17,710 8,590 250 2,147,500 5,684,210 321.0
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1. The selected storm is assigned a definite beginning and end using rainfall records
of stations in the region. Typically, the storm duration is from a period of no
rain to the next period of no rain. This ensures that the storm totals from all
stations are for the same time interval. Analysis is performed for the period of
the principal burst.

2. For each day of the total storm period, separate isohyetal maps for each duration,
i.e., maximum values for 1-day, 2-days, 3-days, etc. are drawn. Since the greatest
rainfall of one day may not occur simultaneously for areas of all sizes under
consideration, it may be necessary to carry analysis for two alternative days for
establishing the maximum one-day rainfall. Similarly, a two-day duration map
is prepared.

3. In storm centered DAD analysis, the last closed isohyet is taken as boundary and
in case of catchment centred analysis, the catchment boundary is considered.

4. The isohyetal maps are divided into zones to represent principal rainfall centres.
Starting with the central isohyet in each zone, the net area encompassed between
isohyets is determined.

5. The average isohyetal value is multiplied by the area to compute the volume.
The volumes are accumulated for every successive isohyetal range and then
divided by the total area encompassed by a particular isohyet to determine the
maximum depth of the storm for the corresponding area.

6. Analyses are repeated for other durations also. The incremental maps could be
prepared for shorter durations, such as 3, 6, 9, 12 and 18 hours also where
adequate data of recording stations are available.

For further details on DAD analysis, wmd lg may be referred to. A step-by-

step procedure for analysis is described in (@).

The total storm depth-area curve for each duration is constructed by plotting
the average depth against the accumulated area. The starting point on the curve
is the central storm precipitation (highest value). Considering the sparse network
of precipitation stations in India, the probability of recording the highest point
precipitation is small. In the study of most large area storms, it is reasonable to
assume that the highest station precipitation represents the average depth over an
appreciable area rather than the maximum point precipitation. The depth area curves
are plotted for different durations for each of the major rain storms. Conventionally
a logarithmic scale is used for area and the linear scale for precipitation depths.
A typical set of DAD curves for a storm is shown in Figure

Abbi et al. (1970d) made a detailed study of 85 heavy rainstorms over North
Bengal and showed that the 11-13 June 1950 rainstorm contributed the highest
average depth of rainfall for 1-3 day durations. [Dhar et all (1974, [1982) analyzed all
the severe recorded rainstorms of 1-day, 2-day and 3-day durations over different
regions of North Indian plains and over the central parts of Indian peninsula.

The results of DAD analysis of severe rainstorms of different river basins/regions
were published in the proceedings of Workshops on “Unusual storm events and
their relevance to dam safety” by [CBIH d_]_%_q, h&%j). The DAD values for 1-,
2-, and 3-day durations for the most predominant rainstorms obtained by various




138 Chapter 3

g 100 — - - - 1-day, 28 July 1965

© 9

k=] —=— 2-Day, 28-29 July, 1965

= 80 N

2 704 —&— 3-Day, 27-29 July, 1965

53

A \

5 8

(=]

‘5

[

[}

o0

<

-

[}

>

< 0 : : : : : . .
0 5000 10000 15000 20000 25000 30000 35000

Area in MCM

Figure 20. A typical set of DAD curves for a storm

workers are given in Table The maximum point rainfall for these 13 rainstorms
varied from 24 to 99 cm for 1-day, from 44 to 127 cm for 2-days, and from 60
to 145cm for 3-days durations. The main centers of these storms are shown in
Figure 211

3.7.5. Frequency of Maximum Rainfall of Different Durations

An important problem in hydrometeorology is to determine the maximum values of
rainfall of different durations that may be expected to occur with given frequency.
The return period is the average interval of time after which rainfall of a specified
amount will be equaled or exceeded. Thus, 1-day rainfall with a 10-year return
period is that magnitude of daily rainfall which can be expected to be equaled or
exceeded, on average, ten times in 100 years.

Several investigators have carried out a return period analysis of maximum
one-day rainfall for many stations having long period rainfall data. Dhar and
Kulkarni (1971a) prepared nomograms for different sub-divisions of North India
for estimating maximum 1-day point rainfall for 2 to 25 year return periods. Ayyar
and Prasad (1971) studied maximum 1-hour rainfall of about 100 SRRG stations
having rainfall data of 20 years and prepared generalized maps of 1-hour rainfall
of return periods from 2 to 50 years. Caution should be exercised in determining
rainfall of specified return periods from generalized charts because local conditions
may cause differences in rainfall characteristics. If records are available, it is always
better to analyze the in-situ data.

3.8. RAINFALL INTENSITY - DURATION - FREQUENCY
STUDIES

A rainfall event or storm denotes a period of time having significant rainfall that is
preceded and followed by a period of nil or insignificant rainfall. Rainfall duration
is the time elapsed from the beginning to the end of the rainfall event. It is generally
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Table 22. DAD values (cm) of severe rainstorms over India

Severe Affected Duration  Area in km”
rainstorm date  region (day)

10 100 1x10® 5x10° 10x10° 20x10°

17-18 Sept. 1 82 8 78 63 52 40
1880 Uttar Pradesh 104 103 99 87 77 62
1 4 43 4 36 33 28
fg;éz Sept pengal 2 732 67 58 52 44
3 8 8 78 69 62 52
1 36 36 35 33 30 26
iggél Sept. ngzsy;‘ 2 65 65 63 57 53 47
3 8 8 8l 76 7 62
1 54 53 48 39 33 29
fg;g July, Gujarat 2 00 9% 79 63 56 49
3 129 126 114 94 83 7
1 36 36 31 24 2 19
1-3 July, 1930  Maharashtra 2 71 70 58 40 33 28
3 776 66 47 39 35
1 99 97 85 65 54 43
1-3 July, 1941  South Gujarat 2 127 126 118 97 83 66
3 145 143 134 117 105 86
1 2 4 37 29 25 21
132;9 May, Tamil Nadu 2 71 6 55 46 37
3 95 95 91 73 61 49
1 50 47 45 40 35 29
3.5 0Oct. 1955  Punjab 2 7270 64 56 51 44
3 1 67 59 53 47
1 37 37 36 32 28 23
1-3 Oct. 1961 Bihar 2 55 54 53 49 44 35
3 58 57 57 44 50 4
1 24 23 23 2 21 19
fggio Sept. Karnataka 2 4 43 3R 27 25 2
3 62 61 51 38 34 30
1 51 49 39 25 20 16
i;gés July, l?r‘;i::‘}‘l 2 54 52 41 27 23 20
3 60 57 45 30 27 23
1 56 56 54 45 37 27
ig;?o July, Rajasthan 2 84 83 76 62 52 40
3 97 95 85 71 61 48
1 2 52 51 45 38 30
?géo Aug. Orissa 2 70 70 69 65 59 50
3 88 88 84 74 66 55
Source: [Rakhecha & Somad (1993).

measured in hours but it may be of the order of several minutes for small catchments
and days for large catchments.

The rainfall depth and duration vary widely depending on the geographic location,
climate, and time of the year. Rainfall intensity also varies widely in time and
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Figure 21. Main Centers of Rainstorms

space. Typically, rainfall intensities range from 0.1 to 30 mm/hr, but at times these
can be as large as 300 mm/hr in extreme cases.

Rainfall frequency refers to the average elapsed time between two rainfall events
of the same depth and duration. The actual elapsed time, however, varies widely
and is, therefore, interpreted statistically. For example, if at a certain location, a
100-mm rainfall event lasting for 6 hours occurs on average once in 50 years, the
100-mm, 6-hour rainfall frequency for this location will be 1 in 50 years or 0.2.
The inverse of the rainfall frequency is its return period or the recurrence interval.
Generally, larger rainfall depths are associated with longer return periods and vice
versa.

A long historical record of rainfall is needed to ascertain the statistical properties
of the annual maximum rainfall. Due to the lack of long rainfall records, extrapo-
lations are usually necessary to estimate rainfall depths associated with long return
periods. Such extrapolations involve a certain amount of risk. When the risk involves
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human life, the concepts of rainfall frequency and return period are no longer
considered adequate for design purposes. Instead, a reasonable maximization of the
meteorological factors associated with extreme rainfall is used.

The rainfall intensities for events of shorter duration (1 hour or less) can be
expressed in terms of the average values. However, for longer events instantaneous
values of rainfall intensity are more important, especially for determination of flood
peaks. Temporal distribution of rainfall depicts the variation of depth (or intensity)
with time. It can be expressed in either discrete or continuous form. The discrete
form is referred to as a hyetograph that represents a histogram of rainfall depth (or
intensity) as ordinates. The continuous form is the temporal rainfall distribution,
a function describing the rate of rainfall accumulation with time.

The intensity of storms decreases with increase in the storm duration. Further,
a storm of any given duration will have a larger intensity if its return period is
large. In other words, for a storm of given duration, storms of higher intensity
in that duration are rarer than storms of smaller intensity. In many design
problems related to watershed management, such as runoff disposal and erosion
control, it is necessary to know the rainfall intensities of different durations
and different return periods. The interdependency between intensity i (cm/h),
duration D (hour) and return period T (years) is commonly expressed in a general
form as

kT"

= lron

(13)
where k, b, m, and n are constants for a given catchment. Typical values of
these for a few places in India based on the reported studies of the Central Soil
and Water Conservation Research and Training Institute, Dehradun, are given in
Table 23

Extreme point rainfall values of different durations and for different return periods
have been evaluated by IMD and the isopluvial maps covering the entire country

Table 23. Typical values of constants in equation [[3]

Place k n b m

Bhopal 6.93 0.189 0.50 0.878
Nagpur 11.45 0.156 1.25 1.032
Chandigarh 5.82 0.160 0.40 0.750
Bellary 6.16 0.694 0.50 0.972
Raipur 4.68 0.139 0.15 0.928
New Delhi 52 0.157 0.5 1.107
Nagpur 115 0.156 0.25 0.990
Bhuj 3.8 0.199 0.25 0.990
Kolkota 5.9 0.115 0.15 0.924
Bangalore 6.3 0.126 0.50 1.128

Source: m and Soman M) andm et al. @)
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have been prepared. These are available for rainfall durations of 15 min., 30 min.,
45min., 1 h, 3h, 6h, 9h, 12h, 15h and for return periods of 2, 5, 10, 25, 50 and
100 years.

The relationship between intensity (I), frequency (F) and duration (D) at any
location can be determined from an analysis of records obtained from self-recording
raingauges. The magnitudes of rains of various durations, such as 5 min., 15 min.,
30 min., 60 min., and so on, are determined and these data for selected durations
can then be used to determine the magnitudes of rains of various frequencies. For
example, the 10-year frequency of 30 min rainfall can be determined from a record
of annual maximum 30 minutes values. The average rainfall intensity when plotted
against duration for a particular frequency provides an intensity-duration curve
which is an important tool for the prediction of runoff.

Ram Babu et al. (1979) have developed rainfall intensity-duration-frequency
equations and nomographs for 42 stations as well as for different zones of the
country, namely north, central, eastern, western and southern. These equations
and nomograms enable a quick determination of rainfall intensity for any desired
duration and frequency. The rainfall depth increases with storm duration and is
described mathematically as

P = atn (14)

where P is the rainfall depth, t is the storm duration, a is a coefficient, and n is an
exponent, and a positive number less than 1. Typically, n varies from 0.2 to 0.5.
By analyzing storm data, equation ([4)) can be used to predict the storm depth as
a function of storm duration. The applicability of such an equation is, however,
limited to the regional or local conditions for which it was derived.

For extreme rainfall events (world’s greatest observed rainfall events) given
in Table the resulting enveloping curve can be described as given in
Figure 22

P = 4.8685t"4%%¢ (15)
where P is in centimeters and t is in minutes. For eq. ([3), the coefficient of

determination is 0.996. A less accurate, but adequate, predictive relation (Mishra

and Singh, |2£)£H) is:

at

= bt (16)

where a = 4.54 x 10°cm and b = 2.39 x 10° minutes. Equation () fits the
data with a coefficient of determination of 0.96. A comparison of the predicted
rainfall values from equations (3) and ([&) shows that low rainfall depths are
less accurately predicted by equation ([@). However, eq. (I3) over-predicts high
rainfall depths. Equation (I3) remains unchanged if the highest two rainfall points
are ignored whereas the constants of equation (@) change and the coefficient of
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Figure 22. Rainfall depth-duration relation for the world’s greatest observed rainfall events

determination improves. The former is somewhat insensitive to very high rainfall
values, whereas the latter is sensitive. It is because the trend of equation ([J) is
governed by low rainfall values, in contrast with equation (I&). Thus, extrapo-
lation of equation (I3) may result in over-prediction of high values and the trend
of equation (@) passing through the middle of the highest two rainfall values
exhibits a mean trend. The advantage of equation ([) is that it is dimensionally
homogeneous.

Maximum observed rainfall depths over the north-central Indian plains were
computed by [Subramanyd (I_L%AI) These depths were computed from observed
data of two most severe recorded rainstorms (storm of 17-18 September 1880
over north-west Uttar Pradesh and storm of 28-30 July 1927 over north Gujarat).
The first storm was more severe but of shorter duration and smaller areal
extent while the storm over Gujarat covered larger areas and was of longer
duration.

Table 24] gives the maximum 24-hour rainfall magnitudes ever observed in India.
Figures 23] gives the maximum (observed) rainfall depths (cm) over plains of north
India. It is interesting to note that on January 07, 1952, Foc in the Reunion Islands
(east of Madagaskar, Indian Ocean) recorded more than 1,800 mm of rainfall. As
far as Asia is concerned, the record of maximum rainfall was set in Paishih, Taiwan
in 1962 when 1,250 mm rain fell. In terms of intensity, the most intense event was
observed in Barot, West Indies, where 38.1 mm of rainfall took place in a single
minute on November 26, 1970 (The Times of India, New Delhi, July 29, 2005). At
Cherrapunji, the rainiest month was July 1861 when 9,300 mm of rain was recorded
while the rainiest year was from August 1960 to July 1861 when 26,461 mm of
rain fell.
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Figure 23. Maximum (observed) rainfall depths (cm) over plains of north India

Table 24. Maximum 24-hour rainfall magnitudes observed in India

Place 24-hour rainfall (mm) Date of occurrence
Aminidivi (Lakshadweep) 1,168 May 06, 2004
Cherrapunji (Meghalaya) 1,036 June 14, 1876
Cherrapunji (Meghalaya) 998 July 12, 1910
Kasauli (Himachal) 996 June 18, 1899
Mousinram (Meghalaya) 989 July 10, 1952
Dharampur (Gujarat) 987 July 02, 1941
Cherrapunji (Meghalaya) 985 Sep 13, 1974
Mumbai (Maharashtra) 984 July 26, 2005

3.8.1. Storm Intensity and Duration

Storm intensity and duration are inversely related. Division of equation ([0) by t
yields the average (uniform) rainfall intensity, i,, as follows:

i, =at"! (17)
or
a
=2 18
b= (18)

where m = 1 —n. Since n is less than 1, m is also less than 1. Similarly, i, can be
derived from equation (@) as:

a

gy 19)

10
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where a and b are constants which can be determined by regression analysis.
A general form of the intensity-duration relation combining the features of
equations () and (X)) is frequently given as

. a
1. =
° (b+om

(20)

For b =0, equation (Z0) reduces to equation (I4) and for m = 1, the former reduces
to equation (9.

3.8.2. Depth-Duration-Frequency

It is often necessary for midsize catchments to determine several depth-duration
curves, each for a different frequency or return period. Depth-duration-frequency
(DDF) curves are plotted with duration on the abscissa, depth on the ordinate, and
frequency (or alternatively, return period) as a third variable. The return period is
attached with constant ‘a’ in equation (I4)) as

a=kT" (21)
where k is the coefficient, n is the exponent, and T is the return period. Coupling of
equation 1)) with equation (I4)) leads to a relation for the depth-duration-frequency
as:

P = k(Tt)" (22)

Similarly, a relation of the form of equation (I2)) can be obtained as:

KT"t
p— (23)
b+t
A general form of equation ([3)), similar to equation (I€)), can be given as:
KT"t
_ (24)
(b+t)m

The DDF curves can be constructed using frequency analysis of recorded rainfall

data. The steps are as follows:

1. Select the duration of rainfall, such as 5, 10, 20, 30, 60, or 100 min.

2. For the duration selected, compute the annual maximum rainfall depth for each
year of record. If there are 30 years of data, then there will be 30 annual
maximum depths associated with the selected duration.

3. Fit an appropriate frequency curve to these values. The methods of frequency
analysis are described elsewhere m, @).

4. Obtain from the fitted frequency curve the values of rainfall depth for the selected
periods such as 5, 10, 20, 30, 50, 80, and 100 years. Tabulate these values.
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5. Repeat steps (ii) and (iii) for different durations.

6. Rearrange the data as rainfall depth against duration for various return periods
or frequencies.

7. For a selected frequency, plot on log-log graph paper rainfall depth values on
the ordinate versus duration on the abscissa, and fit a smooth curve or connect
the points linearly. Do the same for other frequencies. These plots will be a
family of DDF curves.

Typical depth-duration-frequency curves are plotted in Figure It is seen from

this figure that as the return period or duration increases, the rainfall depth increases

and vice versa.

3.8.3. Intensity-Duration-Frequency

Similar to the depth-duration-frequency curves, intensity-duration-frequency (IDF)
curves are plotted with duration on the abscissa, intensity on the ordinate,
and frequency (or alternatively, return period) as a third variable. Coupling of
equation 2I) with equation 22) leads to an intensity-duration-frequency relation
as:

kT"

i, = brom (25)

For a given catchment, constants k, b, m, and n are evaluated from measured data
or local experience. Typical values of these constants for a few places in India are
given in Table D3 These values are based on the reported studies of the Central
Soil and Water Conservation Research and Training Institute, Dehradun, India. The
values of Table 23] correspond to rainfall intensity, i,, measured in cm/h; duration,
t, in hr; and return period, T, in years.

Extreme point rainfall values of different durations and for different return periods
have been evaluated by the Indian Meteorological Department and isopluvial maps

Rainfall depth (cm)
~

3w’ —-®-— 5-year
/ —— 25-year
---X--- 50-year

2 T T 1
0 5 10 15

Rainfall duration (hour)

Figure 24. Typical variation of the maximum rainfall depth of various durations with return period
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Table 25. Representative values of constants in eq. 23)

Place k n b m

Bellary 6.16 0.694 0.50 0.972
Bhopal 6.93 0.189 0.50 0.878
Chandigarh 5.82 0.160 0.40 0.750
Nagpur 11.45 0.156 1.25 1.032
Raipur 4.68 0.139 0.15 0.928

covering the entire country have been prepared. These are available for rainfall
durations of 15min, 30 min, 45min, 1h, 3h, 6h, 9h, 12h, 15h and for return
periods of 2, 5, 10, 25, 50, and 100 years.
Example 3.1 Determine 1-hr and 6-hr maximum rainfall depths and corresponding
intensities having return periods of 2, 10, 20, 50, and 100 years that are likely to
occur in Chandigarh (India).

Solution: Here, t = 1 hr and 6 hrs. For Chandigarh, the values of the constants of
equation (IZI) are: k =5.82,n=0.160, b =0.40, and m = 0.75. As an example, the
rainfall intensity for t = 1 hr and T = 2 years is computed from equation @3)) as:

. KT" 5.82 x 20160
1, = =
 (b+t)m  (0.4041)°7

=5.05cm/hr (26)

The corresponding maximum rainfall depth is: 5.05 x 1 = 5.05cm. Other compu-
tations are given in Table

Construction of IDF curves is similar to that of DDF curves, except for that
the former utilizes the maximum rainfall intensity and latter the maximum rainfall
depth. From a given maximum rainfall depth and its duration, the maximum rainfall
intensity can be computed by dividing the maximum rainfall depth by the associated
duration. The resulting plots will be a family of IDF curves.

3.8.4. Rainfall Depth-Area-Duration

Generally, the greater the catchment area, the smaller is the spatially averaged storm
depth. This variation of storm depth with catchment area has led to the concept of

Table 26. Computation of rainfall depths and intensities for various return periods (Example 3.1)

Rainfall Duration Return period
(hr)
10 20 50 100
. 1 5.05 6.54 7.30 8.46 9.45
Intensity (cm/hr) 6 1.62 2.09 234 2.70 3.02
Degth (om) 1 5.05 6.54 7.30 8.46 9.45
6 9.72 12.54 14.04 16.20 18.12
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point depth, defined as the storm depth associated with a given point area. A point
area is the smallest area below which the variation of storm depth with catchment
area is assumed to be insignificant. It is taken of the order of 25km’ (m,

). The point depth applies for all areas less than the point area. For larger
areas, a reduction in the point depth is necessary to account for the decrease of
the storm depth with catchment area. This depth reduction is accomplished with
a depth-area reduction chart, a function relating the catchment area (abscissa) to
the point depth percentage (ordinate). The storm duration is a curve parameter in a
depth-area reduction chart.

The depth-area-duration (DAD) analysis is another way of portraying the
reduction of storm depth with area, with duration as a third variable. To construct
a DAD chart, two methods are used: (1) the mass-curve method and (2) the incre-
mental isohyetal method. Each method portrays the time division of rainfall differ-
ently. The mass-curve method involves construction of mass curves for individual
stations, an average mass curve for the entire area, and the construction of one
isohyetal map for the total storm rainfall. When rainfall measurements are available
at different times of the day, construction of mass curves is fairly easy.

The incremental isohyetal method involves construction of a number of isohyetal
maps. If the isohyetal pattern is simple and rainfall readings are available at a
uniform time each day, then this method is relatively simple. In many cases,
especially in developing countries, rainfall is recorded and reported once a day, and
the standard durations are, therefore, integral multiples of a day, such as 2 days,
3 days, and so on; and hence, the incremental isohyetal method may be preferable.

3.9. LONG RANGE FORECAST OF MONSOON

India was the first country to start a systematic development of long range forecast
techniques to estimate monsoon rainfall. Such developments started more than a
century ago in the 1880s. As noted by [Gowariker et all (1991)), Blanford noticed
a negative association of excessive winter and spring snowfalls in Himalayas with
the southwest monsoon over India and issued monsoon forecast from 1882 to 1885
based on the Himalayan snow cover.

Gowariker et al. (1991]) developed a power regression model for long range forecast
of monsoon rainfall. This model utilizes signals from 16 parameters which are globally
significant in regional and global forcings for the subsequent monsoon. To determine
the exact form of the power regression model, long-term data were used. Various model
parameters were determined by using step-by-step iteration together with method of

least squares. The model given by i ) is:
R+« 16 X;+a; \7
°=CO+ZCI-< ) (27)
BO i=1 Bi

where R is the monsoon rainfall over India as a percentage of the long period
average, Xs are variable of the model, as, Bs, ps, and Cs are model parameters.
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In the first stage of model development, the best suited order of parameters was
determined. The model of eq. (27) was developed by arranging the variables in
order of their decreasing correlation with the monsoon rainfall. The variables of the
model are described in Table 271

The values of parameters of the power regression model are given in Table 2§

The authors have reported that the forecast rainfall lie roughly within +4% of
the actual values and the forecasts have been able to explain 94% variance of the
observed rainfall.

3.10. RELATION BETWEEN RAINFALL EXTREMES AND EL
NINO CHARACTERISTICS

Along the coast of Peru-Ecuador in South America there is an ocean current called
Peru or Humboldt current. The El Nino (The Child) is identified with warming of
this ocean current. In some years, the current may extend southwards along the coast
of Peru to Latitude 12 °S, killing plankton and fish in coastal waters. The occurrence
of El Nino events is on the basis of disruption of fishery, hydrological data, sea
surface temperature and rainfall along and near the Peru-Ecuador coast. Intensities
can be defined based on the positive sea-surface temperature anomalies along the
coast, viz. Strong in excess of 3 °C; Moderate, 2.0°-3.0°C; Weak, 1.0°-2.0°C. El
Nino is the oceanic component of general El Nino/Southern Oscillation (ENSO)
phenomenon, while the Southern Oscillation, generally represented by Tahiti minus
Darwin atmospheric difference (T-D), is its atmospheric component. Anomalies in
the two may not always occur simultaneously.

Table 27. Variables of long range monsoon forecast model

Subscript of X Corresponding variable
1 50 hPa wind pattern (winter)
2 Eurasian snow cover (December)
3 500 hPa ridge (April)
4 Central India temperature (May)
5 10 hPa zonal wind pattern (January)
6 East coast of India temperature (March)
7 Northern hemisphere surface pressure anomaly (January to April)
8 Argentina pressure (April)
9 Northern hemisphere temperature (January & February)
10 (Spring) Southern Oscillation Index
11 El Nino (Previous year)
12 North India temperature (March)
13 Indian ocean equatorial pressure (January to May)
14 El-Nino (Same year)
15 Himalayan snow cover (January to March)
16 Darwin pressure (Spring)




150 Chapter 3

Table 28. Parameters of long range monsoon forecast model

i Qy Bi Pi G
0 0 1 0.1303086 x 102
1 50 10 14 —0.5824688 x 10~!
2 0 10 -2.0 0.3026653 x 102
3 0 10 —4.0 —0.1733019 x 10!
4 0 10 4.0 0.6958737 x 10°
5 50 10 -04 —0.1956036 x 102
6 0 10 4.0 0.4374519 x 10°
7 0 10 4.0 0.4687574 x 1072
8 0 100 -39 —0.1662928 x 10°
9 50 10 —4.0 —0.4617612 x 10°
10 50 10 4.0 0.5844691 x 10~!
11 50 10 4.0 —0.4456572 x 1072
12 0 10 4.0 —0.1497441 x 10°
13 0 1, 000 33 —0.1183124 x 10*
14 50 10 4.0 —0.1344925 x 10~!
15 50 10 —4.0 0.1940398 x 10°
16 0 1,000 33 0.1257985 x 10*

In literature, the term ENSO is used for the general phenomenon of El
Nino/Southern Oscillation. While analyzing the influence of these on droughts and
floods in India, [Kand (M) used the notations given in Table

Various combinations of these were seen in Indian data. In particular, some
prominent events were ENSOW, i.e., El Nino (EN) existed, SOI minima (SO) also
existed and, eastern equatorial pacific SST was warmer (W). The SOI and SST
plots (12 monthly running means) were used to check whether the SOI minima or
SST maxima occurred in the middle of the calendar year (May-August). If so, the
events were termed as ENSOW-U, i.e., Unambiguous ENSOW. If the SOI minima
or SST maxima occurred in the earlier or later part of the year (not in the middle),
the events were termed as ENSOW-A, i.e. Ambiguous ENSOW. The year having
neither an EN nor SO nor W nor C were termed as non-events. Symbols S (Strong),
M (Moderate, W (Weak) indicates strength of the El Ninos involved. Figure

Table 29. Terms defined bym dm) for ENSO phenomena

EN Presence of El Nino at Puerto Chicama (8°S, 80°W, Peru Coast) and Nino 142 region
(0-10°S, 90-80°W).

SO Presence of minimum in the Southern Oscillation Index (SOI). SOI is atmospheric pressure
difference Tahiti between Darwin (T-D), i.e., maximum in (D-T).

w Presence of maximum (positive anomalies) in the sea surface temperature (SST) in the

eastern equatorial pacific (Nino 3 region (5°N —5°S, 150°W —90°W) and/or Wright SST).
Wright SO index is based on pressure at a number of stations.

C Presence of minimum (negative anomalies) in the sea surface temperature (SST) in the
eastern equatorial pacific (Nino 3 region and/or Wright SST). These are La Ninas.
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shows the departure of monsoon rainfall amounts and Wright’s Southern Oscillation
Index (June-August) from 100 year mean.

3.10.1. Droughts in India

The years when drought occurred in India during 1925-1994 are listed in Table B0
with the designations of years used in [Kand (19974, b; [1998§).

Thus among the 22 droughts (10 mild, d; 12 severe, D), 8 were associated
with Unambiguous ENSOW and 2 with Ambiguous ENSOW. This indicated that
ENSOW (especially ENSOW-U) is a combination favourable for droughts m,

). However, it is neither necessary nor sufficient. In half the number of events,
droughts occurred in other categories of years. It may also be noted that the
interactions between El Nino/La Nina and the climate anomalies (droughts, floods
etc.) are non-linear in nature. As such, the distinction d or D or f, F may not be
very meaningful.

In addition to the above, Indian summer monsoon rainfall data is also available
since 1871 and the Wright SST index is also available since then. These are
presented in Table 311

Out of the above 17 drought events (9 severe and 8 mild), only 7 were associated
with ENSOW-U and 10 were associated with other types of events. This also
confirms favourable but not exclusiveness of ENSOW type events for causing
droughts.
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Figure 25. Departure of rainfall amounts and Wright's Southern Oscillation Index (June—August) from
100 year mean
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Table 30. Occurrence of droughts in India

Year Drought Associated event Year Drought Associated event

1925 d ENSOW-A (Jan-Dec) 1966 D Non-event

1928 D C (La Nina) 1968 D W

1930 d ENSOW-U (Mar-Dec) 1972 D ENSOW-U (Feb-Dec)
1932 d EN (Feb-Jun) 1974 D SO

1939 d EN (Jan) 1979 D SOW

1941 D ENSOW-U (Jan—Jun) 1982 D ENSOW-U (Oct-Dec)
1951 D ENSOW-U (Mar-Dec) 1985 d Non-event

1952 d Non-event 1986 D \\

1957 d ENSOW-U (Feb-Dec) 1987 D ENSOW-U (Jan-Nov)
1962 d Non-event 1991 d ENSOW-A (Jul-Sep)
1965 D ENSOW-U (Mar-Dec) 1992 d ENSOW-A (Jan-Aug)
Source: [Kand M)

Table 31. Occurrence of droughts in India (additional data).

Year Drought Associated event Year Drought Associated event

1873 D ENSO (W not seen) 1905 D ENSOW-U (Jan-Dec)
1876 d Non-event 1907 d ENC- (W not seen)
1877 D ENSOW-U (Feb-Dec) 1911 D ENSOW-U (Aug-Dec)
1888 d ENSOW-U (Jan—Dec) 1912 d ENSO (Jan—Feb)

1891 d ENSO (Apr-Aug) 1913 d SOW (No data for W)
1899 D ENSOW-U (Jul-Dec) 1915 d Non-event

1901 D Non-event 1918 D ENSOW-U (No data for W)
1902 d ENSOW-U (Jan—Dec) 1920 D W (Jun—Oct)

1904 D SOW(Jul-Dec)

Source: [Kand M)

3.10.2. Floods in India

The list of the floods from 1871-1996 (f = mild; F = severe) is given in Table B2

It can be seen from Table that out of 43 events of floods, 21 were associated
with C (basically La Nina), 8 with ENC or SOC (EN or SO in a part of the year,
C in the rest), 5 with ENSOW-A (mostly II year El Nino events, active in January
but disappearing soon after, leaving the rest of the years as C), 5 non-events and
4 other types (ENW, SO, SOW). Thus, La Nina events seem to be better associated
with floods than El Nino events are with droughts probably because La Nina events
run smoothly and last longer.

The All-India area-weighted mean summer monsoon rainfall, based on a homoge-
neous rainfall data set of 306 rain-gauges in India, developed by the Indian Institute
of Tropical Meteorology, is widely considered to be a reliable index of summer
monsoon activity over the Indian region. The alternating sequences of multi-decadal
periods having relatively more frequent droughts and floods is a characteristic of the
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Table 32. Occurrence of floods in India

1872 F C 1914 F ENSOW-A 1955 f C

1874 F ENC 1916 F C 1956 F C

1875 F C 1917 F ENC 1959 F SO

1878 F ENSOW-A 1926 F ENSOW-A 1961 F Non-event
1879 F C 1933 F C 1964 F C

1882 F C 1934 F C 1970 F C

1884 F ENW 1936 F soC 1973 f ENC

1887 F ENC 1938 F C 1975 F C

1889 F ENC 1942 F C 1978 f Non-event
1890 f C 1944 f SOW 1983 F ENSOW-A
1892 F C 1945 F Non-event 1988 F C

1893 F C 1946 F SOC 1990 f non-event
1894 F C 1947 F Non-event 1994 F SOW

1908 f C 1949 F SoC

1910 F C 1953 F ENSOW-A

Source: m (M)

well-known epochal pattern of monsoon variability. Analysis associates the rainfall
anomalies with El Nifio and La Nifia occurrences. It was found that a majority of
the El Nifio events are associated with drought years over India, while the La Nifia
events are associated with flood years.



CHAPTER 4
EVAPORATION AND OTHER METEOROLOGICAL DATA

This chapter provides a discussion about evaporation and some meteorological
variables that are important in hydrological studies.

4.1. EVAPORATION

Evaporation is the process whereby liquid water is converted to vapor by the
transfer of water molecules to the atmosphere. This process is accompanied by
a transfer of energy. Evaporation tends to reduce water temperature. Latent heat
of vaporization is the heat required (in calories) to convert 1 gram of water at
1 atmosphere (atm) pressure to vapor. It requires 539 cal of heat to evaporate
1 gram of water. About 70 M ha-m of water is estimated to evaporate from water
bodies and land surface in the country. Obviously, evaporation is an important
component of the hydrologic cycle. This discussion is focused on evaporation
from a free water surface. Evaporation also occurs beneath the soil surface as heat
energy penetrates and vaporizes the moisture contained on and between the soil
grains.

Water also evaporates directly from the solid state by the process of sublimation.
A significant amount of water vapor enters the atmosphere by sublimation from
snow and ice. However, this contribution is far less than evaporation from the
liquid water in the oceans, lakes, and rivers. Evaporation is a function of climatic
variables, such as incoming solar radiation, air and water temperature, sunshine
hours, wind speed, and saturation vapor pressure deficit. Pan evaporation provides
an estimate of open water evaporation.

The amount of water vapor that can be held in the air is a function of temperature.
Warm air can hold far more water vapor than cold air. This relation provides the
basis for understanding not only ET but also precipitation. As the vapor pressure of
the air becomes saturated and equals the vapor pressure of the water, evaporation
becomes zero. By the same token, evaporation is a maximum when the vapor
pressure of the air is low, thus producing the maximum gradient between the vapor
pressure of the air and that of water.

155
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4.1.1. Factors Affecting Evaporation

The most important factors affecting evaporation are: (a) vapor pressure difference,
(b) temperature, (c) barometric pressure, (d) humidity, (e) wind, (f) water quality,
and (g) water depth and soil type.

Vapor Pressure and Humidity: Vapor pressure and humidity are interdependent.
According to Dalton’s law, the vapor-pressure gradient determines the rate of
evaporation. The greater the vapor pressure gradient, the larger is evaporation. As
the gradient tends to zero, evaporation also tends to zero. But this is complicated
by the temperature of the air and the water. If the water has lower temperature than
the air, evaporation will be low because the vapor pressure of cold water is low.
When air is warmer than water, evaporation continues until the vapor pressure of
air equals that of water.

Temperature

The movement of water molecules increases with temperature. The kinetic energy
of water molecules increases as temperature rises and this permits molecules to
escape from liquid water to the air more rapidly. For this reason, the warmer the
water, the higher is the evaporation. Of course, temperature and other factors are
interrelated, and it is not possible to isolate the effect of each factor on evaporation.

Atmospheric Pressure

Evaporation is greater at lower atmospheric pressures than at higher atmospheric
pressures because fewer air molecules are present in less dense air, there is less
likelihood of escaping water molecules colliding with air molecules. Atmospheric
pressure decreases with altitude and, therefore, evaporation is higher at higher
altitudes. This effect is somewhat offset by decreasing temperatures with increasing
altitude.

Wind

A thin film of saturated vapor exists over a water surface under certain conditions.
If this film were left undisturbed, it would act as an insolating buffer between the
water surface and the unsaturated air above and evaporation would slow down. This
condition seldom exists in nature because wind tends to remove the saturated film
and re-expose the water surface to unsaturated air. Evaporation increases with wind
velocity until the vapor-pressure gradient reaches some nearly constant relation.
At this point, a further increase in wind velocity will not increase evaporation
appreciably. The effect of increased wind velocity on evaporation is believed to be
related to the size of the water body. Wind removes water vapor from small bodies
of water rather quickly, whereas on large water bodies, longer time is required to
accomplish the same effect.

Water Quality

The vapor pressure of water is reduced when solids are dissolved in water. Pure
water has a higher vapor pressure than salt water. A salt content of 1% slows the
rate of evaporation by about 1%. Since the ocean generally has a salt content of a
little over 3%, sea-water evaporation is lower than the freshwater rate by about 3%.
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Water Depth and Soil Type

Shallow-water bodies are more rapidly heated than the deep-water bodies and
are, therefore, evaporated more rapidly. Intercepted and ponded precipitation is
evaporated rapidly after rain-fall when insolation provides renewed heating. Soils
have an important role in evaporation: dark soils absorb incoming radiation and
convert it to heat more effectively than lighter-colored soils.

Lake Effect

Water absorbs and stores heat energy. A larger water body stores greater energy
than a smaller one. Lakes and ponds have varying effects on evaporation, depending
on the depth of the water body. Evaporation rates are higher for shallower water
bodies. Further, vapor pressure of the warm lake is much higher than the cold
air thus providing favorable conditions for evaporation. Shallow lakes and ponds
are heated by the sun to the bottom, raising the water temperature quickly,
and increasing evaporation with rising temperature. Such water bodies, including
ponding on a drainage basin, are rapidly evaporated because they have little heat
storage.

Evaporation is small during a runoff event, for the vapor pressure gradient is
low. In general, a runoff event from a convective storm lasts only a few hours, and
this short time, coupled with a low vapor-pressure gradient, would result in very
small evaporation. Although a cyclonic storm has a longer duration, evaporation
occurring over its duration and the duration of runoff is still small and can be
neglected. Evaporation from storage reservoirs in arid areas can be large and is a
direct loss for the project purpose. Evaporation from soils in the drainage basin
is important because this antecedent moisture deficit must be satisfied before any
significant runoff occurs.

4.1.2. Methods to Estimate Evaporation

Evaporation from water bodies can be determined by (1) the water budget, (2) the
energy budget, (3) mass transfer methods, (4) combination methods, and (5) evapo-
ration formulas. In the first method, water balance equation is employed to estimate
evaporation. The energy-budget method for determining evaporation is similar to
the water budget method except that the energy budget deals with the conservation
of energy rather than water. The energy available for evaporation is obtained by
considering the incoming energy, the outgoing energy and the energy stored in the
water body for a given time interval.

In the simplest mass-transfer method, evaporation rate is estimated as a function
of wind speed and the saturation vapor-pressure deficit. Several empirical expres-
sions have been proposed, some simple and some fairly complex. The combi-
nation methods combine the energy-budget and mass-transfer methods. The most
popular combination method for computing evaporation from free water surfaces
is that developed by [Penmad (@). This method combines fundamental physical

rinciples and empirical concepts based on meteorological observations. m
) has described this method in detail.
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4.1.3. Transpiration

Transpiration is the process by which plants utilize water for their metabolism and
growth. Plants remove water from the soil through their root system and transpire it
to the atmosphere through stomata in their leaves. These stomata actively transpire
water vapour to the atmosphere during daylight but close after darkness begins,
whereupon transpiration ceases.

Transpiration is affected by physiological and environmental factors. Stomata
open and close in response to environmental conditions such as light and dark, heat
and cold, and so on. Stomata allow carbon dioxide to enter the plant in the process
of photosynthesis. Important physiological factors include (a) density and behaviour
of stomata, (b) extent and character of protective coverings, (c) leaf structure, and
(d) plant diseases. All these factors are influenced by the types of plants and the
density of those plants. With adequate soil moisture, the greater the plant density,
the greater the amount of moisture lost by transpiration.

Vapour pressure gradient, temperature, solar radiation, wind, and available soil
moisture are the most important factors affecting transpiration. The vapour-pressure
gradient is a measure of the energy required to move the water from the leaf to
the air. Plants transpire little when the vapour-pressure gradient is low as during
a rainfall event. On the other hand, plants transpire rapidly when warm, dry air
surrounds them and plenty of soil moisture is available.

The rate of transpiration is doubled for approximately each 10°C rise in temper-
ature. Because a leaf is dark colored, it absorbs incoming solar radiation effec-
tively and its temperature becomes higher than the surrounding air. This condition
exists even though evaporation cooling from transpiration lowers the temperature
of the leaf.

Absorption of solar energy by a leaf raises its temperature and its aqueous
vapour pressure. Thus, transpiration increases with increasing insolation. Wind
usually increases transpiration by removing the film of moisture-laden air next to
the leaf and consequently increasing the vapour-pressure gradient. Gentle winds
have been found to be more effective in increasing transpiration than strong winds.
Transpiration is greatly affected by the amount of soil moisture. As the plant uses
moisture from the soil, the capillary forces holding moisture in the soil become
stronger and it is more difficult for the plant roots to remove moisture. Transpiration
ceases when the soil moisture approaches the permanent wilting point.

4.14. Measurement of Transpiration

Methods for measuring transpiration are related to the size and nature of the plants.
Small plants are placed in a small closed container and the amount of moisture
transpired is measured. A drying agent is usually placed in the container to absorb
the transpired water vapour. This moisture can be measured by weighing the drying
agent before and after the test. A phytometer is a large vessel, filled with soil,
in which plants are rooted. The soil surface is sealed to prevent evaporation. So
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the only moisture escape is by transpiration. The lost moisture can be determined
by weighing the plant and the container before and after the test. This method
yields good results as long as natural environmental conditions are maintained

).

4.1.5. Evapotranspiration

Evapotranspiration (ET) and consumptive use include both the transpiration by
vegetation, and evaporation from water surfaces, soil, snow, ice, and vegetation.
Consumptive use differs from ET only in that it includes the water used to make
plant tissue. For all practical purposes, these two terms are synonymous. ET and
consumptive use convert water to vapour which cannot be used again. Some water
consumed by animals is converted to vapour in the metabolic process and, therefore,
is not available for further use. The units of ET and consumptive use are cm of
depth for a specified period. Annual mean potential evapotranspiration over India
is shown in Figure [

Figure 1. Annual mean potential evapotranspiration (cm) over India
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Despite the widespread application of the ET concept, there has been considerable
ambiguity in the use of various terms such as potential ET and reference crop ET.
To overcome this, the Food and Agricultural Organization (FAO) of the United
Nations has introduced uniformity and standardization in interpretation and use of
various terms such as potential ET and reference crop ET in the report FAO-56
(Allen et all [1998). FAO-56 discourages the use of the term potential ET due
to ambiguities in its definition. Moreover, FAO recommended that a hypothetical
reference surface “closely resembling an extensive surface of green grass of uniform
height, actively growing, completely shading the ground and with adequate water”
be adopted as reference surface. In the FAO approach, the surface characteristics
that influence ET are quantified in an unambiguous fashion.

ET from a reference surface, not short of water, is called the reference crop ET
or reference ET and is denoted as ET,. The reference surface is a hypothetical
grass reference crop with specific characteristics. Further, crop ET under standard
conditions (ET,) refers to the ET from excellently managed, disease-free, large,
well-watered fields that achieve full production under the given climatic conditions.
Further, due to suboptimal crop management and environmental constraints that
affect crop growth and limit evapotranspiration (ET,) under non-standard conditions
generally requires a correction.

4.1.6. Estimation of Evapotranspiration

Consumptive use can be measured by (a) tanks and lysimeters, (b) using field plots,
and (c) studies of groundwater fluctuations. A lysimeter is essentially a tank with
a pervious bottom. The bottom arrangement is such that excess soil moisture will
drain through the soil, which can be collected and measured. This condition offers
an advantage over a tank because it prevents accumulation of water at the bottom
to cause unnatural growing conditions for the plants. The consumptive use is the
difference between the amount of water applied to the lysimeter and the amount
draining out along with an adjustment for moisture content.

ET from crop areas can be estimated by using lysimeters, physically-based
methods, or by using empirical equations. ET can be directly measured through a
lysimeter. Lysimeters can be divided in three classes:

(a) Weight type,

(b) Hydraulic based, and

(¢) Volumetric based.

A weighing type lysimeter uses mechanical balance to determine the change in
the water content of the control volume. The hydraulics-based equipment employs
hydrostatic principles of weighing. In the volumetric based lysimeters, ET is
measured by the amount of water added or removed from the control volume to
keep constant water content. The site selected for installation of lysimeters should
be typical of the surrounding area with respect to soil characteristics, slope, and
vegetative cover. Although lysimeters are difficult to construct and maintain, if
properly maintained, these can provide quite accurate data.
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Specially designed field plots are also used to determine ET under field condi-
tions. Surface runoff from these plots is collected and measured; water input in
the form of precipitation or irrigation is measured. Deep percolation is captured
by underground drains. To determine ET, losses as runoff or deep percolation are
subtracted from the water input and a correction is made for soil moisture.

Measurement of ET with a lysimeter is time-consuming and needs careful
planning. Installation and maintenance of a lysimeter requires skilled manpower,
instruments, and finances. Due to these reasons, indirect methods based on climato-
logical data are frequently used for estimation of ET,. This requires measurements
of meteorological variables which influence evaporation. Empirical equations have
been developed to predict consumptive use for different crops and different condi-
tions. These relations have helped by replacing difficult and expensive measure-
ments. In India, gravimetric/volumetric lysimeters have been installed at nearly
40 stations for ET measurements. Besides, there are some installations maintained
by academic institutes.

To estimate ET from a well-watered agricultural crop, reference ET from a
standard surface (ET,) is first estimated. This value is multiplied by an empirical
crop coefficient to obtain the ET from the crop (ET,). The crop coefficient accounts
for the difference between the standard surface and the crop. Reference ET is
expressed in the units of depth/time, e.g., mm/day. It is a climatic parameter
expressing the evaporative power of the atmosphere at the given space and time
coordinates. Crop and soil features are not involved in computing it.

Numerous reference ET equations have been developed and are being used
depending upon the availability of weather data. These equations range in sophis-
tication from empirical solar radiation- or temperature-based equations to complex
resistance-based equations. [Blaney and Criddld (1962) developed an empirical
relation between ET, mean air temperature, and mean percentage of day-time
hours. This relation has been used extensively. The underlying assumption of this
procedure is that the heating of the air and evaporation share the heat budget in a
fixed proportion. As a result, ET varies directly with the sum of the products of
mean monthly air temperature and monthly percentage of daytime hours with an
actively growing crop with sufficient soil moisture. Both meteorological and crop
effects are included in the Blaney-Criddle method. By accounting for rainfall in
the month or season, one can compute the crop irrigation water requirement for a
given irrigation efficiency.

Thornthwaite d_l_%_ﬂ) derived an equation to be used especially in the central
U.S. for limited water conditions. This equation produces monthly estimates of ET
as a function of mean monthly temperature, and two coefficients which depend
on the location. The combination approach of [Penmad (@) links evaporation
dynamics with the flux of net radiation and aerodynamic transport characteristics
of a natural surface. Based on the observations that latent heat transfer in plant
stems is influenced not only by these abiotic factors, Monteitd M) introduced
a surface conductance term that accounted for the response of leaf stomata to its
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hydrologic environment. This modified form of the Penman equation is widely
known as the Penman-Monteith (PM) equation.

The PM equation is physically based because it attempts to incorporate the
physiological and aerodynamic characteristics of the reference surface. While the
use of the modified Penman method (Doorenbos and Pruif, [1977) was earlier
recommended by FAO, recent studies have suggested that this method overestimates
ET. FAO has now recommended the use of the PM method to compute reference
ET from a grass surface and has specified a grass reference ET equation. Recent
studies have shown that the reference ET computed using the PM equation yields
estimates that are close to observed reference ET values.

FAO-56 Penman-Monteith Method

As described in the Irrigation and Drainage Paper 56 (Allen et all [1998), the
FAO has adopted the Penman-Monteith equation (named here FAOS56-PM) as
the standard technique to compute reference ET. The FAO56-PM can be used
for hourlﬁ or daily time steps. For hourly time steps, the equation is stated as

[90d):

0.408A(R, — G) +

37
0
- T. ) —
T, +273 Uy [e (T3,) ea]
A+v(140.34u,)

where ET) is grass reference ET in mm/hour, R, is the net radiation at the grass
surface in MJ per m? per hour, G is the soil heat flux density in MJ per m? per hour,
T is the mean hourly air temperature in °C, u, is the mean hourly wind speed at 2 m
height in m/s, €°(T,,) is the saturation vapour pressure in kPa at air temperature
Ty, €, is the actual hourly vapour pressure in kPa, A is the slope of vapour pressure
versus temperature curve in kPa per °C, and <y is the psychrometric constant in
kPa per °C. |Allen et al] (1998) have described the procedure and steps for the
application of the Penman-Monteith equation for various time step sizes.

ET, = ©)

4.1.7. Evaporimeters

The U. S. Weather Bureau Class A pan (modified), is used to measure evaporation
in India as per I.S. 6939-1992. It is a circular pan of 1.22 m diameter and 0.255 m
depth, made out of 1 mm copper sheet painted with white paint. It rests on a white
painted wooden stand (Figure ) and water is filled in it. Water is added daily to
keep the levels within a limited range.

Measuring cylinder is used to measure the depth of evaporation. The diameter
of the measuring cylinder will be 1/10 that of the pan and the area of the cylinder
is kept 1/100 of that of the pan such that the depth of measurement by measuring
cylinder is magnified 100 times. The cylinder, which is made of brass, is graduated
from 0-200 mm. The 200 mm corresponds to 2 mm of depth of water in the pan.
Evaporation pan readings are taken once (equidistant and accumulative) or twice a
day (cyclic) at standard times at 08:30 and 17:30 hrs. Daily observations are taken
in the morning hours.
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P

Figure 2. U.S. Weather Bureau class A land pan

To prevent drinking of water by birds and animals, either some chemical repel-
lants may be added to water, or the pan may be covered by a galvanised iron wire
mesh (22 s.w.g., hexagonal mesh, 1.5 in between opposite sides). The screen tends to
reduce pan evaporation by about 14% as compared to that from an un-screened pan.
A correction factor of 1.144 is commonly applied to take care of the effect of nets.
The pan is mounted on a wooden platform (100 mm high) to allow air circulation
below the pan. The water level in the pan changes due to evaporation and rainfall and
is used to estimate evaporation. A stilling well with a pointer gauge is installed in the
pan. The amount of evaporation between two observations of water level in the pan is
obtained by:

E=P+Ad )

where P is the depth of precipitation during the intervening period and Ad is the
depth of water added (+) to or removed (—) from the pan.

Since a pan is a small water body whose material is different from a natural
body, its heat storage characteristics and air dynamics are different from a large
water body. Therefore, evaporation from a pan is higher than a large open water
body. Lake or reservoir evaporation is estimated by multiplying pan evaporation
by a coefficient called pan coefficient:

E, =K; E,, 3)

where K, is the pan coefficient, E is the depth of evaporation from a reservoir, and
E,,, 1s the pan evaporation, both in mm/day. The value of pan coefficient depends
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on climate, location, season, size, and depth of the water body. This coefficient
generally varies from 0.6 to 0.8. The lower values are typical of dry seasons and
arid climates where the pan water temperature is less than the air temperature while
higher values are typical in humid climates where the pan water temperature is
higher than air temperature. In the absence of better estimates, an average value
of 0.7 is generally used. [Ramasastri (1987) computed open water evaporation
using pan — lake coefficients for whole of India based on the evaporation data of
104 evaporimeters.

In 1970s, there were 72 evaporimeter stations in India. For 30 stations, data are
available with IMD since 1959 and for 42 stations, data are available since 1961.
IMD has installed a network of 232 evaporimeters (indagrimet.org). Besides, many
evaporimeters are being maintained by project agencies, academic institutions, and
research stations. But detailed information about the number and location of such
evaporimeters is not available.

4.1.8. Pan Evaporation Data

Evaporation records from pans are frequently used to estimate evaporation from
lakes and reservoirs and ET from an area.

Since information about monthly coefficients is not available in India, these
coefficients are decided using the analogy of spatial variation from arid and humid
regions to the conditions that prevail in India during winter and summer months.
During the transition months, the ambient temperature and the pan temperature are
considered to be the same. Also, as it is generally observed that a factor of 0.7 is
accepted the world over as the coefficient on an annual basis, the monthly variation
has to be plus or minus the value of the annual coefficient. According to these
considerations, the monthly coefficients can be adopted as 0.6 in cold dry winter
months, 0.8 in hot summer months and 0.7 in the transition months between the
winter and the summer and the vice-versa. For this purpose, the parallel of 22°
latitude has been taken as the demarcating line. The coefficients together with the
months are given in Table [T}

Evaporation rates closely follow climatic seasons, and reach their peak in the
summer months of April and May. The central areas of the country display the
highest evaporation rates during this period. With the onset of monsoon, there is

Table 1. Variation of Pan Coefficient values with month

Location Coefficient
0.6 0.7 0.8
North of 22° latitude November—February March—-April and May-August
September—October
South of 22° latitude December—January February—March and May-August

September—November
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a marked fall in the rate of evaporation. The annual potential evaporation ranges
from 150 to 250 cm over most parts of the country. Monthly potential evaporation
over the peninsula increases from 15cm in December to 40cm in May. In the
North-East, it varies from 6 cm in December to 20 cm in May. It rises to 40 cm in
June in West Rajasthan. After the onset of monsoon, evaporation decreases all over
the country.

India Meteorological Department has published monthly and annual mean evapo-
ration values of 30 stations in India. m ) have presented monthly
and annual evaporation maps for India based on evaporation observations recorded
with wire mesh covered class A pans at about 80 stations. A map showing annual
evaporation of India is presented in Figure Bl Typical features of evaporation for
various months have been presented in Table
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Figure 3. Map showing annual evaporation (cm) (From IMD Evaporation data of observatories of India)
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Table 2. Typical features of evaporation for various months

Month/season

Evaporation variation over the country

January

February

March

April
May

June

July

August
September
October

November

December

Monsoon
(June-
October)

Non-monsoon
(November-
May)

Annual

Evaporation is highest (16 cm) over Saurashtra-Kutch. It is about 14 cm at Jalgaon in
Maharashtra and Raichur-Bellary in North interior Karnataka. It is 8 to 10 cm over
Rajasthan and Peninsular India, 6 cm over Uttar Pradesh and Bihar and less than 6 cm
over Assam.

There is an increase in evaporation by 2 cm over previous month. The increase is 4 cm
in Saurashtra-Kutch and Jalgaon and 6 cm over Raichur -Bellary.

The pattern is similar to January and February. Evaporation is 27 to 29 cm over
Saurashtra-Kutch, Jalgaon and Raichur-Bellary. Over Rajasthan it varies from 15 cm to
20 cm and around 15 cm in Uttar Pradesh. Evaporation is less than 10 cm over Assam.
There is an overall increase in evaporation by 8 to 10 cm over the previous month.
Evaporation is the highest in this month. It varies from 12 cm over Assam to 50 cm
over Jalgaon. Over Kota and Saurashtra-Kutch it is 40 cm. In north India, it varies
from 20 to 35 cm. Gaya with its characteristic semi-arid climate is isolated with 35 cm.
In the Peninsula it varies from 15 to 35 cm. Over Assam it is less than 15 cm.

The distribution pattern is similar to May. However, values of evaporation are slightly
less than those in May.

There is appreciable fall in the evaporation as compared to the June values. Isolated
pockets of 25 cm over Rajasthan and Bellary-Raichur region are noticed. Near
Kovilpatti in Tirunalveli district in Tamil Nadu, the evaporation is more than 30 cm. It
varies from 10 to 25 cm in the peninsula and 12 to 25 cm in north India including
North-east.

The evaporation varies from 10cm in Assam and west coast to 20 cm in Rajasthan and
central parts of the Peninsula.

Over Saurashtra-Kutch, Bellary -Raichur region and the Kovilpatti area the evaporation
is 20 cm and rest of India it varies from 10 to 16 cm. Over Assam, it is less than 10 cm.
The pattern is similar to September. However, with reduced evaporation by 2 to 5cm
through out the country.

The evaporation has decreased further and excepting for pockets over
Saurashtra-Kutch, Jalgaon, Bellary-Raichur and Kovilpatti where it is 15 cm.
Evaporation varies from 10 to 12 cm over Peninsula and 5 to 10 cm in North India and
less than 5cm in Assam.

The evaporation pattern is similar to January with high pockets (12-14 cm) over
Saurashtra-Kutch, Jalgaon and Raichur-Bellary. In other parts it is around 6 to 10 cm.
The pattern generally resembles those observed during the months of July, August and
September. Evaporation over West-coast and Assam is less than 60 cm. It is more than
100 cm over Rajasthan and adjoining areas of Gujarat, Madhya Pradesh, and parts of
Haryana and Uttar Pradesh. Isolated pockets of high evaporation could be seen around
Kovilpatti in Tamil Nadu and Bellary -Raichur in Karnataka.

The pattern very much resembles the monsoon. Evaporation is less than 100 cm over
West-coast, East-coast and Assam and is around 125 cm over Rajasthan and adjoining
areas. It is more than 100 cm around Kovilpatti in Tamil Nadu. Isolated pockets of
high evaporation of 150 cm are seen around Jalgaon in Maharashtra and Bellary.

As is to be expected, the pattern is broadly similar to the monthly distribution, with
centres of high evaporation over Saurashtra-Kutch, Jalgaon and Kovilpatti in Tamil
Nadu. It is lowest, 100 cm over Assam. The 200 cm isoline covers a narrow strip of
north-south tract from Punjab to Karnataka through Rajasthan and Maharashtra. Parts
of Uttar Pradesh and Bihar States have evaporation ranging from 150 to 200 cm.

Source: W (@).
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4.1.9. Evaporation Loss from Reservoirs

Evaporation loss from a water body depends upon climatic parameters of the
area, i.e., temperature, sunshine duration, wind velocity, relative humidity, etc.
Evaporation losses from reservoirs also depend upon the reservoir geometry and
actual water surface area.

The[National Commission on Agriculturd (1976) estimated the annual evaporation
losses from reservoir surfaces on the order of 50km’. The Water Management
Forum, a national body of the Institution of Engineers (India), has indicated that in
the Indian subcontinent the total evaporation loss of water from large, medium and
small storage reservoirs would be around 60km®.

The National Water Development Agency (NWDA) has estimated evaporation
losses from 29 reservoirs using live storage data. These data is given in Table 3

Table 3. Observed Evaporation Losses from reservoirs

Project Live storage Evaporation Evaporation loss as % of
capacity (Mm?) loss (Mm?) live storage capacity
Koyna 1,947 186 10
Yeldar 809 123 15
Chitrakot 478 116 24
Bodhghat 3,715 196 5
Kutry I 1,360 211 16
Kutry II 1,391 370 27
Nugur I 1,391 370 27
Inchampalli 4,285 1,567 37
Andhra Valley 67 19 28
Pench 1,088 125 11
Lower Bhawani 777 73.88 10
Pykara 130.3 13.28 10
Parson’s Valley 73.5 5.6 8
Upper Bhawani 85.3 3.14 4
Avalanche Emerald 153.9 3.28 2
Pillur dam 34.9 2.32 7
Nellithorai 14.05 2.83 20
Lower Sileru 380 18 5
Balimela 3,823 150 4
Machkund 192 76 40
Nagarjunsagar 6,923 536 8
Srisailam 7,075 722 10
Sriramsagar 2,322 268 12
Tungabhadra 3,701 396 11
Somasila 1,994 164.5 8
Lower Wardha 213 53 25
Jaykwadi 2,170 517 24
Vaigai 193 25 13
Polavaram 2,100 989 47
T